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INTRODUCTION; 


v 


The  insulin-like  growth  factors  (IGFs)  are  potent  mitogens  for  normal  and  cancerous 
prostatic  cells.  The  IGFs  are  found  complexed  to  IGF  binding  proteins  (IGFBPs),  which 
modulate  IGF  bioactivity,  but  may  themselves  act  in  an  IGF-independent  manner.  We 
have  characterized  recently  a  series  of  IGFBP-related  proteins  (IGFBP-rPs)  which  share 
homology  with  the  IGFBPs  in  the  amino-terminus,  bind  IGFs  with  low  affinity,  and 
regulate  cell  growth  through  both  IGF-dependent  and  IGF-independent  actions.  This 
grant  is  directed  at  the  study  of  IGFBP-rP2  (more  commonly  known  as  connective  tissue 
growth  factor)  as  a  regulator  of  normal  and  malignant  prostatic  growth.  The  specific  aims 
are  to:  1)  analyze  IGFBP-rP2  mRNA  and  protein  expression  and  distribution  in  normal 
and  malignant  prostatic  tissues;  2)  determine  the  transcriptional,  translational  and  post- 
translational  regulation  of  IGFBP-rP2;  and  3)  determine  the  mechanisms  by  which 
IGFBP-rP2  regulates  prostatic  growth. 


BODY: 


Over  the  course  of  this  grant,  we  have  succeeded  in  the  following  accomplishments 
related  to  the  approved  Statement  of  Work  (references  indicated  in  parentheses): 

Task  1:  Analyze  IGFBP-rP2  mRNA  and  protein  expression  and  distribution  in 
normal  and  malignant  prostatic  tissue  (months  1-12): 

IGFBP-rP2  mRNA  and  protein  expression  were  analyzed  in  a  panel  of  prostate  cells, 
including  human  prostate  epithelial  cells  (HPEC),  immortalized  prostate  epithelial  cells 
(P69),  a  tumorigenic  prostate  subline  of  P69  (Ml 2),  as  well  as  the  established  prostate 
cancer  cell  lines,  PC-3,  DU  145  and  LNCaP.  Cellular  localization  of  IGFBP-rP2  protein 
expression  in  these  same  cells  was  also  performed,  although  conclusive  data  were  only 
obtained  to  permit  a  determination  that  IGFBP-rP2  was  secreted  and/or  cell-associated. 
Thus,  Task  1  was  completed  as  indicated  in  the  grant  proposal,  with  the  most  important 
results  obtained  from  this  series  of  investigations  published  in  Reference  2  (Lopez- 
Bermejo,  etal,  ENDOCRINOLOGY  141:4072-4080, 2000. 

In  brief,  IGFBP-rP2  was  detected  in  most  of  the  normal  and  malignant  prostatic  epithelial 
cells  tested.  Of  the  cancer  cells,  expression  at  the  mRNA  level  was  most  pronounced  in 
M12  and  PC3  cells,  with  low  expression  in  DU145  and  LNCaP  cells.  Moderate 
expression  was  detected  in  non-malignant  P69  cells  and  early  passage  of  HPEC 
(HPEC4),  and,  somewhat  surprisingly,  expression  at  least  equivalent  to  that  observed  in 
M12  and  PC3  cells  was  detected  in  late  passage  of  HPEC  (HPEC9).  Protein  expression, 
as  determined  from  immunoblot  analysis,  corresponded  with  mRNA  expression,  with 
protein  readily  detected  in  conditioned  media  (CM)  from  HPEC9.  Additionally,  cell- 
associated  IGFBP-rP2  was  immunodetected  in  all  cell  lines.  It  is  of  note  that  a  more 
quantitative  method  for  detecting  IGFBP-rP2,  employing  ELISA,  was  developed 
subsequently  in  our  laboratory,  employing  the  antibodies  that  we  generated  (Reference  4; 
Twigg,  etal,  ENDOCRINOLOGY  142:1760-1769, 2001).  We  have  concluded,  on  the 
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basis  of  this  series  of  investigations,  that  expression  of  IGFBP-rP2  could  not  be 
correlated  with  the  degree  of  tumorigenicty,  unlike  our  observations  with  the  structurally 
related  IGFBP-rPl,  whose  expression  decreased  in  malignant  cells,  compared  to  normal 
cells  (Reference  2;  Lopez-Bermejo,  et  a!,  ENDOCRINOLOGY  141:4072-4080, 2000). 
On  the  other  hand,  it  appears  that  IGFBP-rP2  expression  increases  with  passaging  of 
HPEC  (at  least  form  HPEC4  to  HPEC9),  perhaps  representing  a  marker  of  senescence  in 
HPEC.  Indeed,  we  characterized  HPEC  as  a  “senescing”  prostate  epithelial  cell,  both  by 
growth  profile  and  by  increases  in  the  senescence  marker,  plb1^43.  These  findings, 
together  with  data  on  the  regulation  of  IGFBP-rP2  (see  Task  2,  below)  suggest  that 
IGFBP-rP2  may  be  involved  in  either  growth  or  senescence  of  normal  and  prostate 
cancer  cells.  These  findings  represent  the  first  characterization  in  the  literature  of  IGFBP- 
rP2/connective  tissue  growth  factor  (CTGF)  mRNA  and  protein  expression  in  normal  and 
malignant  prostate  cells.  All  aspects  of  Task  1  have  been  completed. 

A  critical  goal  of  our  research  has  been  the  development  of  appropriate  reagents  for 
investigation  of  IGFBP-rP  protein  levels  in  various  cancers  and  human  biological  fluids. 
We  had  previously  generated  specific  antisera  for  IGFBP-rPl/mac25,  IGFBP-rP2/CTGF 
and  IGFBP-rP3/novH,  which  were  employed  in  immunoblotting  studies.  Efforts  then 
turned  to  development  of  highly  specific  antibodies  which  could  be  employed  to  generate 
sensitive  and  specific  assays  and  be  used  for  specific  immunostaining  studies.  We  have 
now  succeeded  in  producing  both  polyclonal  and  monoclonal  antibodies  which  can 
differentiate  between  IGFBP-rPl  and  IGFBP-rP2,  and  have  developed  an  assay  which  is 
capable  of  quantifying  concentrations  of  IGFBP-rPl /mac25  in  human  biological  fluids 
(Reference  7;  Lopez-Bermejo,  et  al,  JOURNAL  OF  CLINICAL  ENDOCRINOLOGY 
AND  METABOLISM  88:3401-3408,  2003).  Employing  baculovirus-generated  IGFBP- 
rPl,  we  generated  a  panel  of  1 1  monoclonal  antibodies;  10/11  were  of  sufficient 
sensitivity  to  identify  nanomolar  amounts  of  IGFBP-rPl,  and  none  cross-reacted  with  the 
six  high-affinity  IGFBPs  nor  with  IGFBP-rP2  or  -3.  Evaluation  of  the  newly  developed 
IGFBP-rPl  immunoassay  indicated  a  detection  limit  of  0.7  ug/L,  a  dynamic  range  of 
3.13-100  ug/L,  and  intra-  and  inter-assay  coefficients  of  variation  of  2.5-6.8  and  3. 1-6.4% 
at  24-85  ug/L.  In  random  human  adult  sera  (n=41),  the  median  IGFBP-rPl  concentration 
was  21.0  ug/L,  and  values  did  not  correlate  with  serum  levels  of  IGF -I,  IGF-II  or  IGFBP- 
3.  The  monoclonal  anti-IGFBP-rPl  antibodies  also  readily  detected  IGFBP-rPl 
expression  in  human  tissue  sections,  with  preferential  expression  of  IGFBP-rPl  in  the 
microvascular  endothelium  associated  with  tumorigenesis.  These  findings  support  a  role 
for  the  IGFBP-rPs  in  vascular  biology  and  suggest  that  they  may  be  involved  in  the 
process  of  neoangiogenesis  in  malignancy.  Development  of  highly  specific  and  sensitive 
assays  for  IGFBP-rP2/CTGF  should  allow  further  evaluation  of  this  hypothesis. 
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In  further  studies  on  the  expression  of  IGFBP-rP2  in  cancer,  its  expression  was  evaluated 
in  12  sporadic  hepatoblstomas  (Reference  6;  Von  Horn,  et  al,  INTERNATIONAL 
JOURNAL  OF  MOLECULAR  MEDICINE,  9:645-649, 2002).  The  expression  profiles 
for  the  IGFBP-rPs  were  found  to  be  disturbed.  In  the  case  of  IGFBP-rP2,  three  tumors 
had  increased  gene  expression,  with  one  sample  having  greatly  enhanced  expression. 


Limitations  of  investigations  relevant  to  Task  1:  In  addition  to  generating  anti-IGFBP- 
rP2  polyclonal  antibodies,  for  the  studies  described  above,  we  also  produced  monoclonal 
antibodies,  in  an  effort  to  enhance  specificity.  The  monoclonal  antibodies  generated, 
however,  proved  upon  screening  to  not  have  the  requisite  specificity  and  sensitivity,  and 
proved  to  be  of  less  use  than  the  polyclonal  antibodies.  While  polyclonal  antibodies  were 
highly  useful  for  western  immunoblotting  and  ELISA  studies  (see  above),  attempts  to 
employ  these  reagents  in  immunohistochemical  analysis  of  tissue  sections  proved 
unsuccessful.  In  parallel  with  these  efforts,  we  were  successful  in  generating  monoclonal 
antibodies  against  recombinant  IGFBP-rPl  (see  above),  and  to  employ  both  our 
polyclonal  and  monoclonal  anti-IGFBP-rPl  antibodies  in  immunohistochemical  analysis 
of  normal  and  cancerous  prostatic  tissue  (Reference  7;  Lopez-Bermejo,  et  al,  JOURNAL 
OF  CLINICAL  ENDOCRINOLOGY  AND  METABOLISM  88:3401-3408, 2003. 


Task  2:  Determine  the  transcriptional,  translational  and  post-translational 
regulation  of  IGFBP-rP2  (months  1-24): 

We  analyzed  the  regulation  of  IGFBP-rP2  expression  in  prostate  cells  by  employing 
reagents  known  to  inhibit  growth  in  prostate  cancer  cells,  such  as  transforming  growth 
factor-B  (TGFB)  and  retinoic  acid  (RA),  as  well  as  IGF-I  and  related  growth  factors 
(Reference  2;  Lopez-Bermejo,  etal,  ENDOCRINOLOGY  141:4072-4080,  2000). 
Employing  our  panel  of  prostate  cell  lines,  we  first  demonstrated  that  HPEC  was  the  most 
sensitive  of  all  die  cells  tested  to  TGFB1  and  IGF-I  treatment.  At  TGFB1  concentrations 
as  low  as  5  ng/ml,  proliferation  of  HPEC  was  inhibited  70%,  compared  to  untreated 
control  cells,  and  this  inhibition  correlated  with  increased  IGFBP-rP2  expression  at  both 
the  mRNA  and  protein  levels.  IGF-I,  at  concentrations  of  100  ng/ml,  which  stimulates 
HPEC  growth  in  all  cell  passage  numbers,  dramatically  inhibited  IGFBP-rP2  expression, 
often  by  90%.  As  a  comparison,  IGFBP-rPl  expression  remained  unchanged  during  these 
manipulations.  RA,  like  TGFB1,  up-regulated  IGFBP-rP2  expression.  These  results 
strongly  suggest  that  IGFBP-rP2  plays  a  role  in  the  regulation  of  prostate  cell 
proliferation  in  response  to  a  variety  of  growth  factors.  The  effects  of  these  growth 
factors  on  prostate  cancer  cells  (i.e.,  stimulation  by  IGF-I  and  inhibition  by  TGFB1)  were 
more  modest,  than  in  normal  HPEC.  Nevertheless,  the  observed  effects  upon  IGFBP-rP2 
followed  the  same  trends  as  observed  in  HPEC. 

We  were  also  able  to  demonstrate  that  TGFB1  regulated  IGFBP-rP2  expression  in  human 
dermal  fibroblast  cells,  as  do  advanced  glycosylation  end-products  (AGE)-BSA 
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(Reference  4;  Twigg,  et  al,  ENDOCRINOLOGY  142:1760-1769, 2001).  AGE  treatment 
of  primary  cultures  of  nonfetal  human  dermal  fibroblasts  in  confluent  monolayers 
increased  IGFBP-rP2  steady-state  mRNA  levels  in  a  time-  and  dose-dependent  manner. 
These  findings  link  AGE  and  IGFBP-rP2  in  profibrotic  and  proangiogenic  roles,  a 
finding  of  potential  relevance  to  both  the  complications  of  diabetes  and  the  growth  of 
human  cancers.  We  further  demonstrated  that  the  induction  of  fibronectin  by  AGE  is 
partially  mediated  by  the  AGE-induced  up-regulation  of  cell-derived  IGFBP-rP2/CTGF 
(Reference  5;  Twigg,  et  al,  ENDOCRINOLOGY  143:1260-1269,  2002. 

The  effect  of  sodium  butyrate  (NaB),  a  potent  inhibitor  of  cancer  cell  growth,  on  the 
regulation  of  IGFBP-rP2  expression  was  correlated  with  the  inhibitory  effects  of  NaB  in 
a  variety  of  cancer  cell  lines  (Reference  3;  Tsubaki,  et  al,  JOURNAL  OF 
ENDOCRINOLOGY  169:97-1 10, 2001).  NaB  specifically  up-regulated  the  expression  of 
IGFBP-3  and  IGFBP-rP2,  with  parallel  results  observed  on  Northern  and  protein  blots. 
NaB  was  found  to  uniformly  suppress  DNA  synthesis  in  both  cancerous  and  non- 
cancerous  cells  and  up-regulate  IGFBP-3  and  IGFBP-rP2  mRNA  and  protein  levels.  In 
prostate  cancer  cell  lines,  a  cell  growth  inhibitory  NaB  concentration  of  10  nM,  which 
up-regulates,  IGFBP-3,  also  up-regulated  IGFBP-rP2expression  in  PC-3  cells,  but  not  in 
LNCaP  cells.  Proteolysis  of  IGFBP-rP2  was  not  found  to  be  a  significant  factor,  either 
under  basal  conditions,  or  following  treatment  with  TGFJ3,  RA,  or  IGF-I. 

Limitations  of  investigations  relevant  to  Task  2:  Given  the  modest  effects  observed 
with  TGF131  and  RA  on  prostate  cancer  cells,  studies  employing  IGFBP-rP2  antisense 
oligo-deoxynucleotides  were  not  completed,  and  are  deemed  by  us  to  be,  at  this  point,  a 
relatively  low  priority.  Other  than  this,  all  aspects  of  Task  2  were  completed. 


Task  3:  Determine  the  mechanism  by  which  IGFBP-rP2  regulates  prostatic  growth: 

A  role  for  IGFBP-rP2  in  regulation  of  cell  growth  was  first  ascertained  in  fibroblasts, 
where  the  addition  of  recombinant  IGFBP-rP2  resulted  in  increased  expression  of 
fibronectin  mRNA  (Reference  5;  Twigg,  et  al,  ENDOCRINOLOGY  143:1260-1269, 
2002).  The  similar  addition  of  exogenous  C-terminal  FLAG-tagged  IGFBP-rP2  to 
prostate  cells  did  not  demonstrate  consistent  inhibition  of  cell  proliferation,  suggesting 
that  either  our  FLAG-tagged  IGFBP-rP2  preparation  was  less  active  than  untagged 
IGFBP-rP2,  or  that,  in  prostate  cancer  cells,  IGFBP-rP2  may  need  to  act  in  concert  with 
other  regulated  factors  to  promote  inhibition  of  cell  growth.  On  the  other  hand,  we  have 
recently  demonstrated  that  at  least  one  of  our  IGFBP-rP2  polyclonal  antibodies  possesses 
neutralizing  properties,  and,  in  our  fibroblast  model,  have  shown  that  the  addition  of  the 
IgG-purified  fraction  of  the  anti-IGFBP-rP2  antibody  abrogated  AGE-BSA  induction  of 
fibronectin  mRNA.  Use  of  such  antibodies  may  prove  to  be  an  alternative  method  to  the 
use  of  antisense  ODNs  for  determining  the  role  of  IGFBP-rP2  in  growth  inhibition. 

To  address  the  possibility  that  our  FLAG-tagged  IGFBP-rP2  preparation  may  be  less 
biologically  active  than  non-tagged,  heparin-column  purified  IGFBP-rP2,  we  generated 
fresh  preparations  of  both  forms  of  IGFBP-rP2  protein  in  a  baculovirus  system,  and 
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purified  the  protein  either  via  anti-FLAG-agarose  column  or  heparin  columns.  Further, 
we  elected  to  test  our  prepapartions  in  the  cell  model  system  of  NIH3T3  cells  with  an 
overexpressed  IGF-I  receptor  (IGFIR)  (see  figures  1-6  included  in  appendix).  Since  we 
had  previously  demonstrated  that  IGFBP-rP2  had  the  capability  to  bind  IGFs  with  low 
affinity  in  in  vitro  assays  (Kim,  et  al,  PNAS  94:12981-12986, 1997),  we  reasoned  that  the 
NIH3T3.TGFIR  would  permit  us  to  determine  whether  recombinant  IGFBP-rP2  is 
capable  of  exerting  IGF-dependent  biological  effects  (as  proposed  in  Task  3).  Our  results 
demonstrated  that:  a)  IGFBP-rP2,  whether  FL AG-tagged,  non-tagged-heparin  column- 
purified,  or  anti-IGFBP-rP2  antibody  column-purified,  appeared  to  potentiate  and  sustain 
IGF-stimulated  IGFIR  signaling;  b)  potentiation  effects  of  IGFBP-rP2  required 
preincubation  of  IGFBP-rP2  and  IGF;  IGFBP-rP2  alone  had  no  effect  on  IGFIR 
signaling,  and  preincubation  of  cells  with  IGFBP-rP2  prior  to  the  addition  of  IGFs  did  not 
enhance  IGFIR  signaling;  and  c)  potentiation  effects  appear  to  be  IGF-I-specific,  as  no 
potentiation  of  insulin,  IGF-II  or  EGF  signaling  pathways  was  observed. 

Studies  are  currently  in  progress  to  determine  if  prostate  cell  lines  (Ml  2  and  DU  145) 
stably  transfected  with  IGFBP-rP2,  will  demonstrate  alteration  of  cell  growth.  Otherwise, 
Task  3  has  been  completed. 


KEY  RESEARCH  ACCOMPLISHMENTS  OVER  LAST  12  MONTHS: 

1 .  Characterization  of  IGFBP-rP2  expression  in  normal  and  malignant  prostatic 
tissue 

2.  Characterization  of  molecular  regulation  of  IGFBP-rP2  by  known  pro-apoptotoic, 
profibrotic  and  proangiogenic  factors 

3 .  Characterization  of  IGFBP-rP  expression  in  hepatoblastoma 

4.  Development  of  highly  sensitive  and  specific  monoclonal  and  polyclonal 
antibodies  for  IGFBP-rPl  and  IGFBP-rP2 

5.  Development  of  specific  immunoassay  for  IGFBP-rPl ;  identification  of  IGFBP- 
rPl  in  human  cancer  blood  vessels 
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CONCLUSIONS; 


The  low-affinity  IGFBP-related  proteins  appear  to  have  important  IGF-independent 
actions  in  the  regulation  of  normal  and  malignant  cell  growth.  Studies  from  our 
laboratory  over  the  last  three  years  have  demonstrated  an  important  role  for  these  factors 
in  senescence,  tumor  suppression,  fibrosis  and  angiogenesis.  Studies  of  gene  expression 
and  protein  synthesis  have  implicated  these  factors  as  biologically  relevant  to  cancer.  The 
development  of  highly  specific  and  sensitive  antibodies  should  permit  further  delineation 
of  their  roles. 

“So  what”:  The  entire  GH-IGF  axis  has  been  the  subject  of  increased  interest  from  the 
perspective  of  longevity  and  cancer.  In  addition  to  the  actions  of  IGFs  and  IGFBPs  under 
in  vitro  conditions,  a  variety  of  epidemiological  studies  have  served  to  underscore  the 
relevance  of  these  factors  to  human  biology  and  tumor  suppression.  The  low-affinity 
IGFBP-related  proteins  appear  to  share  with  several  of  the  high-affmity  IGFBPs,  the 
ability  to  suppress  cancer  growth  through  IGF-independent  means.  Further  studies  are 
clearly  warranted  in  delineating  the  relative  contributions  of  each  component  of  this 
complex  growth  axis. 


APPENDICES:  attached  figures  and  manuscripts. 
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We  measured  the  binding  of  IGF-I  and  IGF-II  to  recombinant 
human  N-terminal  [residues  1-97;  recombinant  human  IGF- 
binding  protein-31-97  (rhIGFBP-31-97)]  and  C-terminal  (resi¬ 
dues  98-264;  rhIGFBP-398-264)  IGFBP-3  fragments  and  com¬ 
pared  it  with  IGF  binding  to  intact  IGFBP-3  using  biosensor 
analysis.  Experiments  were  carried  out  in  different  configu¬ 
rations,  either  with  binding  protein  or  fragment  immobilized 
or  with  IGF  immobilized.  These  experiments  showed  that 
IGF-I  and  IGF-II  bind  to  IGFBP-3  with  affinities  of  4-5  x 
10®  M-1  and  similar  binding  kinetics.  The  affinities  of  both 
rhIGFBP-31-97  and  rhIGFBP-398-284  for  IGF  proteins  were  ap¬ 
proximately  3  orders  of  magnitude  less  than  that  of  full-length 


IGFBP-3.  These  results  further  support  the  concept  that  high 
affinity  binding  of  IGF  to  IGF-binding  proteins  results  from  a 
two-site  interaction  of  IGF  with  both  the  N-  and  C-terminal 
regions  of  the  binding  protein. 

Binding  of  insulin  to  IGFBP-3  and  its  N-  and  C-terminal 
fragments  and  of  IGF-I  and  IGF-II  to  the  structurally  related 
proteins  mac25  and  connective  tissue  growth  factor  was  also 
investigated.  Weak  insulin  binding  to  full-length  IGFBP-3 
could  be  demonstrated  in  a  few  experiments,  but  we  found 
that  binding  of  IGF-I,  IGF-II,  and  insulin  to  mac25  or  connec¬ 
tive  tissue  growth  factor  was  below  the  detection  limit  of  the 
biosensor  instrument.  ( Endocrinology  143:  1677-1685,  2002) 


IGF  BINDING  PROTEINS  (IGFBPs)  are  important  regula¬ 
tors  of  IGF  action  that  act  by  modulating  IGF  binding  to 
its  receptors.  Initially  identified  as  carriers  for  IGFs  in  a 
variety  of  biological  fluids,  their  presumed  function  is  to 
protect  IGF  peptides  from  degradation  and  clearance,  in¬ 
crease  the  half-life  of  IGFs,  and  deliver  them  to  appropriate 
tissue  receptors  (1).  A  number  of  IGFBP  fragments  have  been 
identified  in  different  biological  fluids,  and  a  variety  of  spe¬ 
cific  and  nonspecific  proteases  for  IGFBPs  have  been  de¬ 
scribed  (2,  3).  The  concept  of  IGFBPs  as  simple  carrier  pro¬ 
teins  has  been  complicated  by  the  discovery  of  multiple 
IGF-independent  actions  of  IGFBPs  and  the  identification  of 
a  number  of  cDNAs  encoding  proteins  that  bind  IGF  with 
substantially  lower  affinities  than  IGFBPs  (4).  The  N-terminal 
regions  of  these  proteins  are  structurally  homologous  to  the 
IGFBPs,  with  conservation  of  the  cysteine  residues  and  a 
common  N-terminal  motif,  GCGCCXXC  (1).  This  observa¬ 
tion  initially  suggested  an  IGFBP  superfamily  consisting  of 
the  classical  high  affinity  IGFBPs  and  a  group  of  low  affinity 
IGFBP-related  proteins,  later  identified  as  mac25,  CTGF,  and 
others  (1,  4). 

IGFBP-3  is  the  major  serum  IGFBP  and  transports  70-90% 
of  the  circulating  IGFs  (5).  In  target  cell  systems  it  inhibits  IGF 


Abbreviations:  CTGF,  Connective  tissue  growth  factor;  IGFBP,  IGF 
binding  protein;  rhIGFBP-31-97,  recombinant  human  IGF  binding 
protein-3’-97;  Rmnx,  amount  of  analyte  bound  at  saturation  in  RU;  RU, 
resonance  units. 


actions,  but  also,  under  specific  conditions,  potentiates  IGF 
action  or  exerts  IGF-independent  effects  (5, 6).  Proteolysis  of 
IGFBP-3  was  initially  demonstrated  in  human  pregnancy 
serum,  in  which  circulating  IGFBP-3  was  found  primarily  in 
low  mol  wt  forms  (7,  8).  The  proteolytic  fragments  were 
shown  to  bind  IGF  with  lower  affinities,  thereby  increasing 
availability  of  IGF  to  target  receptors.  Subsequent  studies  in 
different  biological  fluids  demonstrated  that  limited  prote¬ 
olysis  is  not  restricted  to  IGFBP-3,  but  also  occurs  in  other 
IGFBP-species,  IGFBP-1  through  -5  (2, 3).  As  for  IGFBP-3,  the 
resulting  fragments  have  a  decreased  affinity  for  IGFs  and, 
therefore,  more  easily  release  IGF  to  the  target  receptors. 
Furthermore,  various  IGFBP  fragments  are  capable  of  direct 
stimulatory  or  inhibitory  action  at  the  target  cells  (9-13). 

All  members  of  the  proposed  IGFBP  superfamily  preserve 
the  N-terminal  cysteine-rich  domain,  including  the  IGFBP 
motif  GCGCCXXC,  but  vary  in  the  intermediate  region  and 
C-terminal  domain  of  the  protein.  Only  the  high  affinity 
IGFBPs  also  share  homology  in  the  cysteine-rich  C-terminal 
domain,  which  has  led  to  the  hypothesis  that  the  conserved 
N-terminal  domain  contains  the  main  IGF-binding  activity, 
forming,  together  with  the  C-terminal  conserved  region,  the 
high  affinity  IGF-binding  activity  in  IGFBPs  (1, 13-15).  With 
the  expression  and  purification  of  a  variety  of  recombinant 
IGFBPs,  structurally  related  proteins  mac25  and  CTGF,  and 
well  defined  fragments  or  mutants,  our  understanding  of 
structure-function  relationships  of  the  members  of  the  pro- 
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posed  IGFBP  superfamily  has  improved  (12,  13,  15-25). 
However,  exact  measurement  of  the  binding  properties  of 
these  various  proteins,  and  especially  their  proteolytic  frag¬ 
ments,  has  proved  difficult.  Different  methods  have  been 
used  to  estimate  the  binding  affinities:  conventional  binding 
assays  using  radiolabeled  IGFs,  affinity  cross-linking  with 
radiolabeled  ligands,  gel  filtration  or  Western  ligand  blots 
using  radiolabeled  or  biotinylated  ligands  (12-14, 17, 20, 21, 
26-32).  However,  it  has  been  difficult  to  determine  accurate 
affinities  of  IGFs  for  IGFBPs  using  those  assays  due  to  several 
limiting  factors,  such  as  the  quality  of  labeled  ligands  and 
proteins,  the  effect  of  labeling  iodine  on  affinity,  and  the 
limitation  of  the  measurable  range  of  the  binding  affinity. 

In  recent  years  biosensor  instruments  using  surface  plas- 
mon  resonance  technology  have  been  increasingly  used  to 
study  biomolecular  interactions.  We  (33-35)  and  others  (15, 
36-39)  have  used  this  technology  to  study  IGFBP  interaction 
with  IGFs  or  their  analogs.  In  the  present  study  our  goal  was 
to  make  a  detailed  analysis,  using  a  BIACORE  biosensor 
instrument  (Biacore  AB,  Uppsala,  Sweden),  of  the  binding  of 
IGF-I  and  IGF-II  to  recombinant  IGFBP-3  and  fragments  of 
this  molecule  and  also  to  the  structurally  related  proteins 
mac25  and  CTGF. 

Materials  and  Methods 

Equipment  and  reagents 

Experiments  were  performed  on  an  upgraded  BIACORE  1000  in¬ 
strument  (Biacore  AB).  CM5  certified  sensor  chips,  surfactant  P20,  and 
the  amine  coupling  kit  (N-hydroxysuccinimide,  N-ethyl-N'-(3-diethyl- 
aminopropyl)carbodiimide,  and  ethanolamine  hydrochloride)  were  also 
obtained  from  Biacore  AB.  Recombinant  human  nonglycosylated 
IGFBP-3  (rhIGFBP-3)  produced  in  Escherichia  coli  was  a  gift  from  Pro- 
tegen  (Mountain  View,  CA).  N-  and  C-terminal  recombinant  fragments, 
rhIGFBP-31-97  and  rhIGFBP-398"264  as  well  as  structurally  related 
proteins  mac25  and  CTGF  were  synthesized  by  use  of  a  baculovirus 
expression  system  in  insect  cells  that  synthesize  the  correct  proteins,  as 
previously  described  in  detail  (20,  32,  40).  The  recombinant  proteins 
possess  the  expected  structure  based  upon  purity  and  size  characterized 
by  silver  staining  and  Western  immunoblot  and  appropriate  size  shifting 
in  Western  immunoblot  under  reducing  conditions,  indicating  the  pres¬ 
ence  of  S-S  bonds  in  the  proteins.  IGF-I  and  IGF-II  were  purchased  from 
GroPep  Pty.  Ltd.  (Adelaide,  SA,  Australia)  and  the  biotinylation  of  IGF-I 
was  performed  according  to  the  method  of  Fowlkes  (30). 

Immobilization  of  peptides  on  the  sensor  chip 

All  immobilizations  were  carried  out  at  25  C  using  an  amine  coupling 
procedure  (33)  with  a  constant  flow  rate  of  5  /xl/min.  A  more  thorough 
description  of  the  immobilization  procedure  can  be  found  elsewhere 
(41).  Equal  volumes  of  0.1  m  N-hydroxysuccinimide  and  0.1  M  N-ethyl- 
N'-(3-diethylaminopropyl)carbodiimide  were  mixed  by  the  BIACORE 
system's  robotics  and  injected  over  the  surface  of  the  sensor  chip  to 
activate  the  carboxymethylated  dextran.  For  coupling  to  the  sensor  chip, 
peptides  were  injected  over  the  activated  surface  in  a  10-mM  sodium 
acetate  solution.  A  solution  of  1  m  ethanolamine  was  then  passed  over 
the  surface  to  deactivate  the  remaining  active  carboxyl  groups  and  to 
wash  out  nonspecifically  bound  protein. 

Combinations  of  peptide  concentration,  pH  during  coupling,  activa¬ 
tion  time,  and  coupling  time,  respectively,  giving  a  stable  surface  with 
satisfactory  amounts  of  the  coupled  peptide,  were  as  follows:  rhIGFBP-3: 
10  /xg/ml,  pH  4.5, 3  min,  7  min;  rhIGFBP-398-264: 2  /xg/ml,  pH  4.5, 7  min, 
7  min;  rhIGFBP-31-97:  20  /xg/ml,  pH  4.0, 10  min,  10  min;  IGF-I:  4  /xg/ml, 
pH  4.5,  7  min,  7  min;  and  IGF-II:  1  /xg/ml,  pH  4.0,  7  min,  7  min.  All 
ethanolamine  deactivation  steps  were  run  for  7  min.  Immediately  after 
the  immobilization  procedure,  HBS  buffer  (10  mM  HEPES;  150  mM  NaCl; 
3.4  mM  EDTA;  and  0.005%  P20,  pH  7.4)  was  flowed  over  the  sensor  chip 
surface  for  a  minimum  of  2  h  to  allow  the  surface  to  stabilize. 


Quality  control  of  immobilized  surfaces 

In  repeated  experiments  for  each  peptide,  concentration  and  coupling 
time  were  varied  to  give  a  range  of  immobilized  peptide  coupled  to  the 
sensor  chip,  to  check  for  possible  mass  transport  effects,  which  are 
expected  to  be  most  pronounced  at  high  immobilization  levels  and  high 
binding  affinities  (42,  43),  and  also  to  control  for  dependence  of  fitted 
binding  parameters  or  of  apparent  stoichiometry  of  binding  on  immo¬ 
bilization  level.  We  calculate  the  apparent  stoichiometry  as  the  ratio  of 
the  maximum  achievable  analyte  bound,  measured  in  the  instrument's 
standard  resonance  units  (RU),  to  the  theoretical  maximum,  where  the 
theoretical  maximum  is  defined  as:  immobilized  RU  X  molecular  weight 
(analyte) /molecular  weight  (immobilized  peptide),  where  immobilized 
RU  is  the  amount  of  peptide  immobilized  on  the  sensor  chip,  also 
expressed  in  RU.  The  apparent  stoichiometry  gives  a  good  indication  of 
the  degree  of  inactivation  of  protein  due  to  immobilization  and  the  steric 
hindrance  of  binding  due  to  overcrowding  of  immobilized  molecules  on 
the  surface.  Immobilization  levels  in  our  experiments  were  kept  low 
both  to  give  as  high  apparent  stoichiometries  as  possible  and  to  reduce 
steric  hindrance  effects.  Typical  apparent  stoichiometries  for  immobi¬ 
lized  rhIGFBP-3  were  0.8  -  6.9,  whereas  those  for  immobilized  IGF-I  were 
about  25%  and  even  lower  for  IGF-II.  Note  that  a  low  apparent  stoi¬ 
chiometry  will  still  give  accurate  binding  results  if  the  immobilized 
molecules  are  all  either  fully  active  or  fully  inactive. 

Mass  transport  effects  (42, 43)  were  observed  when  measuring  bind¬ 
ing  of  rhIGFBP-3  to  immobilized  IGF-I  or  IGF-II,  and  these  effects  could 
not  be  fully  eliminated  even  at  the  high  flow  rates  (50  /xl/min)  used  in 
our  experiments.  Mass  transport  effects  were  not  apparent  for  any  of  the 
other  tested  molecules.  In  the  case  of  rhIGFBP-3  binding  to  immobilized 
IGF-I,  analysis  of  sensorgram  data  using  models  including  or  lacking 
mass  transport  effects  showed  only  minor  differences  in  estimated  bind¬ 
ing  parameters.  These  differences  were  especially  minimal  in  global 
analyses  (i.e.  simultaneous  analysis  of  multiple  sensorgrams  at  different 
analyte  concentrations)  (44,  45).  None  of  the  experiments  showed  a 
systematic  change  in  binding  parameters  with  immobilization  level. 

Kinetic  assays  on  the  BIACORE 

All  experiments  were  carried  out  at  25  C,  with  a  constant  flow  rate 
of  50  /xl/min  HBS  buffer.  This  high  flow  rate  was  chosen  to  minimize 
mass  transport  effects  (46).  Purified  analyte  was  diluted  to  various 
concentrations  in  HBS  buffer  using  the  system  robotics,  and  the  solution 
was  injected  over  the  peptides  coupled  to  the  chip  surface  for  5  min 
(association  phase),  followed  by  10-min  flow  of  HBS  buffer  alone  (dis¬ 
sociation  phase).  In  most  experiments  the  binding  phases  were  preceded 
by  a  10-min  wash  with  HBS  buffer  alone  to  allow  the  surface  to  equil¬ 
ibrate  with  the  buffer.  Bound  analyte  was  removed  from  the  coupled 
peptide  by  flowing  a  solution  of  100  mM  HC1  over  the  surface  for  3  min. 
This  treatment  regenerated  the  surfaces  efficiently  without  any  apparent 
damage.  We  observed,  however,  that  IGF-I  surfaces  immobilized  at  very 
low  levels  tended  to  be  somewhat  unstable.  In  these  cases  the  surface 
was  regenerated  using  50  mM  HC1  to  minimize  any  damaging  effects  of 
the  regeneration  procedure. 

In  most  experiments,  a  standard  intermediate  concentration  of  ana¬ 
lyte  was  first  injected  over  the  surface  to  provide  a  reference  sensorgram. 
Then  a  series  of  varying  concentrations  of  analyte  was  injected,  followed 
by  a  second  reference  injection,  a  repeat  of  the  concentration  series,  and 
a  final  reference  injection.  With  this  procedure  the  immobilized  surface 
could  be  monitored  for  loss  of  activity,  and  test  results  checked  for 
reproducibility. 

Solution  affinity  assays 

Solution  affinity  assays  are  designed  to  measure  the  equilibrium 
affinity  of  two  molecules  in  solution,  using  the  BIACORE  instrument  as 
a  probe  to  measure  the  free  concentration  of  one  of  the  molecules  (47). 
In  these  experiments  rhIGFBP-3  or  one  of  its  N-  or  C-terminal  fragments 
was  immobilized  on  a  sensor  chip  to  provide  an  active  surface  for 
measuring  the  free  concentration  of  IGF-I  or  IGF-II  in  a  mixture  of  IGF 
and  binding  protein  flowing  over  the  surface.  The  surface  was  calibrated 
by  flowing  IGF  at  different  (free)  concentrations  over  the  surface,  re¬ 
cording  a  sensorgram  for  each  concentration.  Mixtures  of  IGF  and  bind¬ 
ing  protein  or  fragment  at  various  concentrations  were  flowed  over  the 
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same  surface,  and  the  calibration  curve  was  used  to  estimate  the  free  IGF 
remaining  in  solution  for  each  of  the  mixed  samples.  The  equilibrium 
affinity  constant,  Ka,  was  calculated  using  this  estimate  plus  the  known 
total  concentrations  of  IGF  and  binding  protein,  assuming  a  one-site 
binding  model. 


Data  analysis 

Kinetic  analyses  were  carried  out  using  the  BIAEvaluation  3.0  pro¬ 
gram  (Biacore  AB),  assuming  a  one-site  binding  model.  If  the  surface  was 
judged  stable  by  inspection  of  the  repeated  series  of  injected  analyte 
concentrations,  all  sensorgrams  in  an  experiment  were  analyzed  simul¬ 
taneously  (global  analysis).  If  a  surface  showed  some  instability,  sen¬ 
sorgrams  were  analyzed  individually,  and  the  results  pooled.  In  all 
cases,  special  attention  was  paid  to  the  fitted  Rmax,  which  gives  the 
amount  of  analyte  bound  at  saturation  and  is  a  therefore  a  measure  of 
the  apparent  stoichiometry  of  binding.  We  have  observed  that  even  a 
visually  good  fit  of  a  binding  model  to  sensorgram  data  sometimes  gives 
an  unreasonable  value  of  Rmax,  especially  when  analyzing  single  sen¬ 
sorgrams.  Binding  parameter  estimates  were  rejected  in  such  cases. 

Model  fitting  was  first  done  allowing  the  BIAEvaluation  program  to 
estimate  the  bulk  refractive  index  effect  for  each  sensorgram.  Sensor- 
grams  were  then  inspected  visually  to  obtain  another  estimate  of  these 
values  based  on  the  step  up  in  the  sensorgram  at  the  start  of  the  asso¬ 
ciation  phase  and  the  step  down  at  the  start  of  the  dissociation  phase  (33). 
If  the  fitted  estimates  did  not  correspond  to  the  visual  estimates,  the 
fitted  estimates  were  rejected,  and  the  fit  was  redone  with  the  refractive 
index  values  fixed  using  the  visual  estimates.  In  a  few  experiments  the 
surface  baseline  signal  (that  is,  the  signal  seen  when  buffer  alone  flows 
over  the  surface)  drifted  slowly  downward  through  time  (baseline  drift), 
evident  in  the  10-min  preassociation  wash  and  at  the  end  of  the  disso¬ 
ciation  phase.  In  these  cases,  the  downward  drift  rate  was  estimated  by 
fitting  a  straight  line  to  the  10-min  wash,  and  the  sensorgram  was 
corrected  for  this  drift  during  the  fitting. 

Results 

Binding  of  IGF-I  and  IGF-II  to  rhIGFBP-3  and  its  N-  and 
C-terminal  fragments 

With  the  BIACORE  instrument,  a  binding  reaction  can  be 
measured  with  either  of  the  reacting  pair  immobilized,  and 
the  other  injected  over  the  immobilized  surface.  In  this  study 
we  attempted  to  measure  all  binding  reactions  in  both  ori¬ 
entations,  which  would  be  expected  to  give  comparable  re¬ 
sults  if  the  experimental  conditions  are  suitable. 

Figure  1  shows  the  binding  of  IGF-I  to  rhIGFBP-3  with 
either  rhIGFBP-3  immobilized  (412  RU;  Fig.  1A)  or  IGF-I 
immobilized  (256  RU;  Fig.  IB).  These  sensorgrams  show  the 
typical  protocol  used  in  these  studies:  a  10-min  wash  to  allow 
the  surface  to  equilibrate  with  the  buffer,  followed  by  a 
10-min  association  phase  and  a  10-min  dissociation  phase. 
The  short  downward  spikes  seen  in  the  sensorgrams  are 
disturbances  resulting  from  opening  and  closing  of  valves  in 
the  BIACORE  instrument's  flow  system.  A  sharp  rise  in 
signal  at  the  beginning  of  the  association  phase  and  a  cor¬ 
responding  sharp  drop  at  the  beginning  of  the  dissociation 
phase  are  due  to  a  small  refractive  index  difference  between 
buffer  alone  and  buffer  containing  the  analyte  protein. 

In  Fig.  1,  A  and  B,  the  concentration  of  analyte  was  20  ran. 
The  difference  in  maximum  analyte  bound  (75  RU  IGF-I  vs. 
200  RU  rhIGFBP-3)  is  due  to  the  difference  in  mol  wt.  The 
linearity  of  the  initial  portion  of  the  association  phase  of  the 
sensorgram  in  Fig.  IB  indicates  the  presence  of  mass  trans¬ 
port  effects.  However,  analyses  of  these  experiments  with  or 
without  including  mass  transport  in  the  model  gave  com¬ 
parable  results,  which  were  also  in  agreement  with  results 
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Fig.  1.  A,  IGF-I  (20  nM)  binding  to  immobilized  full-length 
rhIGFBP-3  (412  RU).  HBS  buffer  was  flowed  over  the  surface  for  12 
min,  followed  by  5  min  of  association  and  10  min  of  dissociation  of 
IGF-I .  B,  Full-length  rhIGFBP-3  (20  nM)  binding  to  immobilized  IGF-I 
(256  RU). 


obtained  with  rhIGFBP-3  immobilized  and  IGF-I  as  analyte 
{e.g.  Fig.  1A). 

Figure  2  shows  the  results  of  similar  experiments  us¬ 
ing  the  binding  protein  fragments  rhIGFBP-31-97  and 
rhIGFBP-398"264.  For  each  of  the  fragments,  the  shapes  of 
the  sensorgrams  were  similar  whether  the  fragment  or 
IGF-I  was  immobilized.  The  rhIGFBP-31^97  and  rhlGFBP- 
^98-264  sensorgrams  had  different  general  shapes  because 
both  the  kinetic  association  and  dissociation  constants 
were  slower  for  rhlGFBP-398-264  than  for  rhIGFBP-31"97 
(see  Table  1),  although  these  differences  were  not  statis¬ 
tically  significant  over  the  entire  set  of  experiments.  Note 
that  there  was  a  downward  or  upward  drift  in  signal 
during  the  initial  wash  stage  in  the  experiments  with  bind¬ 
ing  protein  fragments  immobilized.  This  was  a  general 
observation  during  these  studies;  that  is,  sensor  chip  sur¬ 
faces  immobilized  with  binding  protein  fragment  tend  to 


Fig.  2.  A,  IGF-I  (1000  nM)  binding  to  immobilized  rhIGFBP-31  97  (1245  RU).  B,  rhIGFBP-31"97  (200  nM)  binding  to  immobilized  IGF-I  (532  RU).  ,1 

C,  IGF-I  (100  nM)  binding  to  immobilized  rhIGFBP-398-264  (22  53  RU).  D,  rhIGFBP-398'264  (1000  nM)  binding  to  immobilized  IGF-I  (191  RU).  | 


be  more  unstable  than  those  immobilized  with  full-length  results  with  IGF-I  immobilized  on  the  sensor  chip  were 
rhIGFBP-3,  or  with  IGF-I.  considered  less  reliable. 

In  Fig.  3  is  shown  a  comparison  of  the  measured  binding  Whenever  possible,  binding  parameter  estimates  were  ob- 
affinity  for  IGF-I  binding  to  full-length  rhIGFBP-3  or  to  the  tained  from  global  fitting  to  multiple  sensorgrams  at  differ- 

binding  protein  fragments,  either  with  binding  protein  im-  ent  analyte  concentrations.  An  example  of  such  an  experi- 

mobilized  or  with  IGF-I  immobilized.  The  data  are  plotted  ment  is  shown  in  Fig.  4.  In  this  experiment  rhIGFBP-3  was 

with  a  logarithmic  ordinate,  and  the  results  show  that  the  immobilized  at  726  RU,  and  IGF-I  at  concentrations  from 

affinity  of  IGF-I  for  either  rhIGFBP-31"97  or  rhIGFBP-398'264  0.5-50  nM  was  flowed  over  the  immobilized  surface.  Because 

is  approximately  1000-fold  lower  than  the  affinity  for  full-  of  the  high  affinity  of  IGF-I  for  rhIGFBP-3,  binding  is  affected 

length  rhIGFBP-3.  Although  the  mean  affinity  for  rhIGFBP-  by  mass  transport  limitation,  which  is  most  pronounced  at 

31-97  measured  in  these  experiments  was  higher  than  that  for  lower  analyte  concentrations.  The  entire  set  of  sensorgram 

rhIGFBP-398"264,  the  differences  were  not  statistically  signif-  data  was  fitted  using  a  model  that  includes  mass  transport 

icant.  All  differences  between  full-length  rhIGFBP-3  and  the  effects,  and  for  comparison  was  refitted  using  an  ordinary 

fragments  were  significant.  one-site  (Langmuir)  binding  model.  For  this  experiment,  the 

Figure  3  also  shows  that  experiments  in  either  immo-  computed  binding  affinities  for  the  two  models  were  5.6  X 

bilization  orientation  give  similar  measured  affinities.  109  and  5.8  X  109  m_1,  respectively.  The  respective  kinetic 

However,  because  of  apparent  self-aggregation  of  rhIG-  association  constants  were  8.3  X  105  and  6.4  X  105  m-1s-1, 

FBP-3  and  the  C-terminal  fragment  (see  Discussion),  the  and  the  dissociation  constants  were  1.4  X  10~4  and  1.2  X  10-4 
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TABLE  1.  1  IGF-I  and  IGF-II  binding  to  immobilized  binding  protein  or  fragments 


A)  Ku  values:  units 

=  1/m,  errors  are  SEs 

rhIGFBP-3 

rhIGFBP-31-97 

rhlGFBP-398-264 

IGF-I 

4.13  ±  0.71  X  109 

6.14  ±  1.98  x  106 

1.80  ±  0.84  X  106 

IGF-II 

4.68  ±  0.83  x  109 

5.89  ±  1.09  X  106 

1.01  ±  0.89  X  107 

B)  K„  values:  units 

=  1/m.s,  errors  are  SES 

rhlGFBP-3 

rhIGFBP-31"97 

rhIGFBP-398-264 

IGF-I 

7.87  ±  1.00  X  105 

3.22  ±  1.11  X  104 

2.54  ±  2.15  X  103 

IGF-II 

7.63  ±  1.60  X  105 

3.63  ±  2.67  X  104 

2.17  ±  1.61  X  104 

C)  Kd  values:  units  - 

=  1/s,  errors  are  SEs 

rhIGFBP-3 

rhIGFBP-31-97 

rhlGFBP-398-284 

IGF-I 

2.09  ±  0.35  X  10'4 

5.55  ±  1.40  X  10'3 

1.09  ±  0.69  X  10~3(NS) 

IGF-II 

1.78  ±  0.53  X  10'4 

5.48  ±  3.52  X  10'3(NS) 

3.18  ±  1.19  X  10'3 

Binding  parameters  (±SE)  for  IGF-I  and  IGF-II  binding  to  immobilized  rhIGFBP-3,  rhIGFBP-31-97,  and  rhIGFBP-398-264.  A),  Equilibrium 
affinity,  Ka  (M_1).  B),  Kinetic  association  constant,  Ka  (m'Vs'1).  C),  Kinetic  dissociation  constant,  Kj  (S'1).  Differences  between  the  two 
fragments  are  not  significant.  Differences  between  rhIGFBP-3  and  the  fragments  are  significant,  except  for  those  with  NS  in  parentheses. 
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Fig.  3.  Comparison  of  measured  IGF-I  binding  affinities  in  opposite 
immobilization  orientations.  ■,  Binding  protein  or  fragment  immo¬ 
bilized,  IGF-I  in  the  flow-through  buffer;  □,  IGF-I  immobilized,  bind¬ 
ing  protein  or  fragment  in  the  flow-through  buffer.  Error  bars  show 
SDs.  All  differences  between  parameters  for  rhIGFBP-3  and  those  for 
the  fragments  are  statistically  significant,  but  differences  between 
the  two  fragments  are  not. 

s'1.  Other  global  experiments  also  showed  a  close  corre¬ 
spondence  between  the  results  using  the  two  different  mod¬ 
els,  indicating  that  the  estimated  binding  parameters,  espe¬ 
cially  the  equilibrium  constants,  are  not  especially  sensitive 
to  mass  transport  effects  when  global  fitting  is  used. 

Binding  of  IGF-II  or  biotinylated  IGF-I  to  rhIGFBP-3  and 
its  fragments 

All  of  the  above  experiments  were  repeated  using  IGF-II 
instead  of  IGF-I.  In  all  experiments  the  sensorgrams  for 
IGF-II  were  visually  very  similar  to  those  for  IGF-I,  and 
calculated  binding  parameters  were  also  similar.  Figure  5 
shows  sensorgrams  for  IGF-I  and  IGF-II  as  well  as  a  biotin- 
labeled  IGF-I,  all  at  50  nM,  binding  to  the  same  immobi¬ 
lized  rhIGFBP-3  surface.  These  sensorgrams  were  taken 
from  a  larger  experiment  designed  for  global  analysis.  The 
top  two  sensorgrams  are  those  for  IGF-I  and  IGF-II.  Note 
that  in  the  association  phase  the  IGF-I  signal  is  higher  than 
that  for  IGF-II,  which  is  due  solely  to  a  slightly  higher 
refractive  index  of  the  IGF-I-containing  buffer.  In  the  dis¬ 
sociation  phase,  where  both  surfaces  are  exposed  to  the 
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Fig.  4.  Example  of  a  dataset  used  for  global  binding  analysis:  IGF-I 
(bottom  to  top  curves,  0.5,  1,  2,  5,  10,  20,  and  50  nM)  binding  to 
immobilized  full-length  rhIGFBP-3  (726  RU).  The  linearity  of  the 
early  part  of  the  association  phases,  most  pronounced  at  low  concen¬ 
trations,  indicates  mass  transport  limitation. 


same  buffer,  the  IGF-II  signal  is  slightly  higher,  indicating 
a  higher  affinity  than  for  IGF-I.  The  affinities  for  IGF-I  and 
IGF-II  in  this  experiment,  calculated  by  global  analysis, 
were  2.1  X  109  and  3.0  X  109  m‘\  respectively. 

Table  1  gives  the  summary  of  the  calculated  binding 
parameters  for  IGF-I  and  IGF-II  binding  to  immobilized 
rhIGFBP-3  or  its  N-  or  C-terminal  fragments.  The  table 
only  includes  results  from  experiments  using  immobilized 
binding  protein  and  fragments,  as  the  experiments  with 
the  immobilized  IGFs  were  judged  to  be  less  reliable, 
primarily  due  to  possible  self-association  of  binding  pro¬ 
teins  (see  Discussion).  None  of  the  parameter  differences 
between  the  two  binding  protein  fragments  was  statis¬ 
tically  significant.  All  differences  between  full-length 
rhIGFBP-3  and  the  fragments  were  significant,  except  for 
those  indicated. 

In  this  experiment  we  also  tested  the  binding  of  biotin- 
labeled  IGF-I  to  immobilized  rhIGFBP-3.  The  lowest  of 
the  curves  in  Fig.  5  shows  the  binding  of  biotin-IGF-I  to 
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Fig.  5.  Sensorgrams  for  IGF-I,  IGF-II,  and  biotinylated  IGF-I,  all  at 
50  nM,  binding  to  immobilized  full-length  rhIGFBP-3  (158  RU).  Solid 
tine,  IGF-I;  dashed  line,  IGF-II;  dotted  line,  biotinylated  IGF-I.  The 
IGF-I  curve  is  higher  than  that  for  IGF-II  in  the  association  phase 
because  of  a  difference  in  refractive  index  of  the  two  solutions.  In  the 
dissociation  phase,  where  the  flow-through  buffers  are  identical,  the 
IGF-II  curve  is  higher,  indicating  that  more  IGF-II  than  IGF-I  was 
bound  to  the  surface. 

rhIGFBP-3.  In  this  experiment,  using  global  analysis,  the 
affinity  of  biotin-IGF-I  was  calculated  to  be  1.1  X  109  m_1. 

Binding  of  human  insulin  to  rhIGFBP-3  and  its  N-  and 
C-terminal  fragments 

In  this  study  we  tested  the  binding  of  human  insulin  to 
rhIGFBP-3  and  its  fragments,  with  either  binding  protein  or 
insulin  immobilized  on  the  sensor  chip.  In  most  experiments 
the  observed  binding  was  very  weak  or  absent  in  either 
configuration,  and  reasonable  estimates  of  binding  param¬ 
eters  could  not  be  made,  nor  could  comparisons  be  made  of 
the  relative  affinities  of  insulin  binding  to  full-length  rhlG- 
FBP-3  or  its  fragments.  Apparent  binding  was  observed  in  a 
few  experiments,  and  by  comparing  this  binding  with  control 
runs  using  IGF-I,  we  could  estimate  equilibrium  Ka  values 
less  than  106  M'1.  Figure  6A  shows  an  example  of  the  weak 
binding  of  human  insulin  (2  p. m)  to  immobilized  rhIGFBP-3. 
For  this  sensorgram,  the  equilibrium  Ka  was  estimated  to  be 
less  than  10s  m*1,  assuming  that  insulin  binds  with  the  same 
stoichiometry  as  IGF-I. 

Binding  of  IGF-I  and  IGF-II  to  mac25  and  CTGF 

We  also  tested  the  binding  of  IGF-I,  IGF-II,  and  human 
insulin  to  mac25  and  CTGF.  In  no  case  could  we  unambig¬ 
uously  demonstrate  binding  of  IGF  or  insulin  molecules  to 
these  proteins.  Figure  6,  B  and  C,  shows  examples  of  tests  of 
mac25  and  CTGF  binding  to  immobilized  IGF-I. 

Self-association  of  IGFBP  and  its  fragments 

Most  of  our  experiments  using  immobilized  IGFs  gave 
consistent  results,  with  calculated  binding  parameters  very 
similar  to  those  for  the  experiments  with  IGFBP  immobilized 
(see  Fig.  3).  However,  because  of  potential  inaccuracies  in 


binding  parameter  determinations  due  to  the  two-dimen¬ 
sional  geometry  of  binding,  we  also  attempted  to  measure 
equilibrium  binding  affinities  using  solution  affinity  assays 
on  the  BIACORE.  In  an  example  of  one  such  experiment, 
IGF-I  at  20  nM  was  incubated  with  varying  concentrations 
(2-200  nM)  of  rhIGFBP-3  for  15-20  min  at  25  C,  after  which 
the  solution  was  passed  over  an  rhIGFBP-3-immobilized  sen¬ 
sor  chip  to  record  a  sensorgram.  Because  rhIGFBP-3  in  so¬ 
lution  should  compete  for  free  IGF-I,  the  binding  of  IGF-I  to 
the  immobilized  rhIGFBP-3  was  expected  to  decrease  at 
higher  rhIGFBP-3  concentrations.  Instead,  the  signal  in¬ 
creased  at  higher  concentrations.  The  most  straightforward 
interpretation  of  this  was  that  the  rhIGFBP-3  was  itself  bind¬ 
ing  to  the  rhIGFBP-3  immobilized  surface,  and  therefore 
solution  assays  could  not  be  performed  in  this  system. 

We  then  investigated  directly  the  binding  of  rhIGFBP-3 
and  its  fragments  to  each  other.  Figure  7  shows  an  example 
of  binding  of  rhIGFBP-3  or  rhIGFBP-398-264  to  a  surface  im¬ 
mobilized  with  rhIGFBP-398-264,  in  which  binding  is  clearly 
evident.  From  experiments  using  all  combinations  of  immo¬ 
bilized  and  solution  proteins,  we  observed  that  rhIGFBP-3 
and  rhIGFBP-398"264  bind  weakly  to  themselves  and  to  each 
other  (apparent  Ka,  —8-30  X  106  m_1;  that  is,  more  than 
100-fold  lower  affinity  than  that  of  IGF-I  for  rhIGFBP-3), 
whereas  rhIGFBP-31-9'  binds  very  weakly  or  not  at  all  to  itself 
and  to  the  other  proteins  (Ka,  —0-3  X  106  m"1).  Because 
rhIGFBP-3  and  rhIGFBP-398"264  would  be  expected  to  also 
aggregate  in  the  flow-through  solution  in  these  assays,  these 
results  are  approximate. 

Discussion 

If  the  N-  and  C-terminal  regions  of  IGFBP-3  combine  to 
form  a  high  affinity  binding  site  for  IGF  molecules  (1, 14, 15), 
one  would  expect  that  the  N-  or  C-terminal  fragments  of 
IGFBP-3  might  individually  bind  IGF-I  or  IGF-II,  but  with 
lower  affinity  than  the  full-length  binding  protein.  The  bind¬ 
ing  regions  on  the  two  fragments  could  combine  to  form  a 
single  larger  high  affinity  site  or  could  interact  with  two 
separate  regions  on  the  IGF  molecule  to  result  in  high  affinity 
binding.  This  last  mechanism  has  been  suggested,  for  exam¬ 
ple,  for  insulin  binding  to  the  insulin  receptor  (48,  49).  Our 
results  here  show  that  IGF-I  and  IGF-II  bind  the  N-  and 
C-terminal  recombinant  fragments  rhIGFBP-31-97  and  rhlG- 
FBP-398-264  with  affinities  approximately  1000-fold  lower 
than  that  of  the  IGFs  for  full-length  rhIGFBP-3.  These  results 
are  consistent  with  the  idea  that  the  combination  of  the  two 
sites  results  in  high  affinity  binding,  but  do  not  distinguish 
whether  there  is  a  single  high  affinity  binding  site  or  two 
separate  sites. 

The  functional  significance  of  different  glycosylation 
forms  of  recombinant  human  IGFBP-3  was  studied  by  Firth 
et  al  (18).  It  could  be  shown  that  different  glycosylation 
patterns  {e.g.  fully  glycosylated  vs.  nonglycosylated  IGFBP-3) 
do  not  alter  IGF  binding  to  the  binding  protein  in  Western 
ligand  blots.  Therefore,  the  difference  in  binding  affinity  of 
nonglycosylated  Escherichia  coli-ex pressed  IGFBP-3  and  bac- 
ulovirus-expressed  glycosylated  IGFBP-3  fragments  is  not 
expected  to  be  due  to  their  glycosylation  status. 

Recently,  Galanis  et  al.  (38),  using  a  BIACORE  instrument. 
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Fig.  6.  A,  Interaction  of  human  insulin  (2000  nM)  with  full-length  rhIGFBP-3  (412  RU).  The  rising  association  phase  and  falling  dissociation 
phase  indicate  apparent  binding,  but  with  very  low  affinity,  and  near  the  detection  limit  of  the  instrument.  Interaction  of  mac25  (B)  and  CTGF 
(C)  with  immobilized  IGF-I  (532  RU).  Binding  is  below  the  detection  limit  of  the  instrument. 

» 

measured  equilibrium  affinities  of  1.03  X  107  and  6.16  X  107  it  is  not  clear  whether  this  is  due  to  the  different  conditions 
m-1  for  IGF-I  and  IGF-II  binding,  respectively,  to  an  N-  of  binding,  for  example,  changes  in  the  ligand  due  to  im- 
terminal  IGFBP-31-88  fragment,  compared  with  our  measure-  mobilization  or  the  two-dimensional  binding  geometry,  or  to 
ments  of  about  0.6  X  107  m-1  for  both  IGF-I  and  IGF-II.  differences  in  analytical  methods. 

Interestingly,  they  found  that  the  1-88  N-terminal  fragment  Wong  et  al.  (36),  using  a  BIACORE  instrument,  calculated 
could  not  be  immobilized  using  the  amine  coupling  method,  an  affinity  of  18.4  X  109  m-1  for  IGF-I  binding  to  hrIGFBP-3. 

and  that  a  165-264  C-terminal  fragment  could  be  immobi-  These  results  are  apparently  the  average  of  separate  analyses 

lized,  but  was  inactive  in  BIACORE  assays.  In  contrast,  both  of  individual  sensorgrams,  whereas  our  results  for  IGF-I 

our  1-97  N-terminal  and  98-264  C-terminal  fragments  could  binding  to  immobilized  rhIGFBP-3  are  derived  from  global 

be  immobilized  and  retained  activity,  and  both  were  also  analyses  (44,  45)  (see  Fig.  4),  in  which  a  binding  model  is 

active  in  binding  to  immobilized  IGF-I.  fitted  simultaneously  to  multiple  sensorgrams  at  different 

Our  measurements  of  the  binding  of  IGF-I  and  IGF-II  to  analyte  concentrations.  Global  analyses  should  be  more  ac- 

full-length  rhIGFBP-3  indicate  equilibrium  affinities  in  the  curate,  because  they  assume  a  common  value  in  all  sensor- 

range  of  4-5  X  109  m-1.  These  estimates  are  lower  than  those  grams  for  Rmax,  the  maximum  analyte  bound  at  saturation, 

measured  using  125I-labeled  IGFs,  where  affinities  between  whereas  analyses  of  single  sensorgrams  from  the  same  ex- 

8  X  109  and  152  X  109  m-1  have  been  reported  (quoted  and  periment  can  yield  different  apparent  values  of  Rmax,  which 

summarized  in  Ref.  36).  We  had  observed  a  similar  difference  is  unrealistic. 

in  an  earlier  study  of  IGF  analog  binding  to  IGFBP-3  (33),  but  Galanis  et  al.  (38)  also  determined  a  high  affinity  (1  X  1011 
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Fig.  7.  Interaction  of  full-length  rhIGFBP-3  and  rhIGFBP-398"264 
with  immobilized  rhIGFBP-398"264  (23  07  RU).  Solid  lines,  rhIGFBP-3 
(bottom  to  top,  50,  200,  and  500  nM);  dashed  lines,  rhIGFBP-398"264 
(bottom  to  top,  50,  200,  and  500  nM). 

m-1)  for  full-length  IGFBP-3  binding  to  immobilized  IGF-I, 
compared  with  our  estimate  of  7  X  109  m-1  under  similar 
conditions.  Their  high  affinity  was  primarily  due  to  a  very 
low  kinetic  kd  (1  X  10”6  s-1  compared  with  3  X  10-4  s_1  in 
our  experiments).  One  possible  explanation  for  the  difference 
is  that  Galanis  et  al.  (38)  conducted  their  assays  at  a  flow  rate 
of  5  /xl/min,  whereas  ours  were  performed  at  50  /xl/min.  It 
is  well  known  (50, 51)  that  for  high  affinity  interactions  such 
as  that  between  IGF-I  and  IGFBP-3,  there  can  be  significant 
rebinding  of  analyte  during  the  dissociation  phase,  especially 
at  low  flow  rates,  leading  to  erroneously  low  dissociation 
rates  and  higher  affinities.  In  tests  of  IGF-I  binding  to 
rhIGFBP-3  using  flow  rates  of  5-10  /xl/min  and  low  analyte 
concentrations,  we  observed  that  analyses  of  individual  sen- 
sorgrams  often  yielded  unreasonably  high  Rmax  values,  low 
kd,  and  apparent  affinities  well  over  10“  m-1.  Hence,  all  of 
our  later  experiments  were  performed  at  high  flow  rates,  and 
global  analyses  were  used  to  minimize  this  type  of  error. 

Her,  and  in  our  previous  study  (33),  our  data  show  that 
IGF-II  binds  rhIGFBP-3  with  a  similar,  perhaps  slightly 
higher,  affinity  than  does  IGF-I,  which  was  also  observed  in 
other  studies  in  the  literature  (52).  Our  measurements  of 
binding  of  biotinylated  IGF-I  to  rhIGFBP-3  using  global  anal¬ 
ysis  show  that  ka  is  reduced  by  a  factor  of  3,  and  kd  is 
increased  by  a  factor  of  1.4  relative  to  nonbiotinylated  IGF-I. 
This  results  in  a  4-fold  reduction  in  the  apparent  equilibrium 
affinity  of  biotinylated  IGF-I  relative  to  nonbiotinylated 
IGF-I.  These  are  relatively  small  differences,  indicating  that 
biotinylation  of  IGF-I  does  not  greatly  interfere  with  its  bind¬ 
ing  to  IGFBPs.  It  is  of  note  that  labeling  with  iodine  resulted 
in  an  affinity  change  of  labeled  IGFs  to  IGFBP-3  (53).  Thus, 
the  biotinylated  IGF-I  could  be  a  better  alternative  to 
[125I]IGF-I  in  experiments  requiring  labeled  hormone. 

We  attempted  to  measure  equilibrium  binding  affinities  us¬ 
ing  a  solution  binding  assay  (47)  to  minimize  errors  in  kinetic 
determinations  due  to  the  two-dimensional  binding  geometry 
in  the  BIACORE  instrument,  for  example,  from  mass  transport 
limitation  or  steric  hindrance  (46).  However,  we  observed  that 
rhIGFBP-3  and  rhIGFBP-398  ~264  self-aggregate,  making  solution 
assays  impossible  and  raising  questions  about  the  accuracy  of 


binding  results  obtained  using  binding  proteins  in  the  flow 
solution  and  immobilized  IGFs.  With  increasing  binding  pro¬ 
tein  concentration,  self-aggregation  should  increase  both  in  so¬ 
lution  and  on  the  sensor  chip  surface,  introducing  errors  in  the 
binding  analysis.  Therefore,  results  using  immobilized  binding 
proteins,  for  example,  as  shown  in  Table  1,  should  be  more 
reliable  than  those  using  immobilized  IGFs  (36, 38)  unless  bind¬ 
ing  protein  concentrations  are  kept  well  below  the  Kd  for  self¬ 
aggregation  (~10-7  m  by  our  estimates). 

On  the  basis  of  evidence  that  activation  of  the  insulin  receptor 
is  inhibited  by  IGFBPs,  and  that  mac25  is  able  to  bind  insulin 
(13),  we  tested  the  binding  of  human  insulin  to  rhIGFBP-3  and 
to  recombinant  mac25  and  CTGF  molecules  using  the  BIA¬ 
CORE  instrument.  We  also  tested  insulin  binding  to  the  IGFBP 
recombinant  fragments  rhIGFBP-31-97  and  rhIGFBP98-264.  Mos: 
experiments  could  not  confirm  binding,  but  in  a  few  experi¬ 
ments  the  binding  of  insulin  to  rhIGFBP-3  was  detectable,  in¬ 
dicating  that  insulin  may  bind  IGFBP-3  with  low  affinity,  as  we 
had  previously  observed  (33).  We  could  not  detect  binding  of 
insulin  to  the  IGFBP-related  proteins,  or  to  the  rhIGFBP-3  frag¬ 
ments,  in  these  biosensor  assays. 

We  tested  the  binding  of  IGF-I  and  IGF-II  to  the  mac25  and 
CTGF  molecules,  with  either  these  molecules  or  the  IGF 
molecules  immobilized,  at  analyte  concentrations  up  to  500 
nM.  In  no  case  could  we  detect  binding  using  the  biosensoi 
instrument.  These  results  were  unexpected  in  light  of  the 
evidence  for  binding  of  both  IGF-I  and  insulin  to  the  binding 
protein  molecules  from  studies  using  radiolabeled  IGF  mol¬ 
ecules  (13, 20).  However,  as  binding  affinities  less  than  about 
105  or  106  m-1  are  difficult  to  detect  using  the  biosensor,  we 
cannot  rule  out  that  there  is  weak  binding  below  the  detec¬ 
tion  limit  of  the  instrument.  There  is  an  indication  from 
affinity  cross-linking  studies  that  IGF-I  binding  affinity  for 
mac25  may  be  higher  than  these  values  (13, 40)  so  it  remains 
to  be  determined  whether  our  inability  to  detect  binding  on 
the  biosensor  instrument  is  because  of  differences  in  binding 
conditions  or  because  cross-linking  experiments  are,  in  fact, 
measuring  extremely  low  binding  affinities. 
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ABSTRACT 

Insulin-like  growth  factor  (IGF)-binding  protein  (IGFBP)-related 
proteins  (IGFBP-rPs)  are  newly  described  cysteine-rich  proteins  that 
share  significant  aminoterminal  structural  similarity  with  the  con¬ 
ventional  IGFBPs  and  are  involved  in  a  diversity  of  biological  func¬ 
tions,  including  growth  regulation.  IGFBP-rPl  (MAC25/Angiomodu- 
lin/prostacyclin-stimulating  factor)  is  a  potential  tumor-suppressor 
gene  that  is  differentially  expressed  in  meningiomas,  mammary  and 
prostatic  cancers,  compared  with  their  malignant  counterparts.  We 
have  previously  shown  that  IGFBP-rPl  is  preferentially  produced  by 
primary  cultures  of  human  prostate  epithelial  cells  (HPECs)  and  by 
poorly  tumorigenic  P69SV40T  cells,  compared  with  the  cancerous 
prostatic  LNCaP,  DU145,  PC-3,  and  M12  cells.  We  now  show  that 
IGFBP-rPl  increases  during  senescence  of  HPEC. 

IGFBP-rP2  (also  known  as  connective  tissue  growth  factor),  a 
downstream  effector  of  transforming  growth  factor  (TGF)-/3  and  mod¬ 
ulator  of  growth  for  both  fibroblasts  and  endothelial  cells,  was  de¬ 
tected  in  most  of  the  normal  and  malignant  prostatic  epithelial  cells 


tested,  with  a  marked  up-regulation  of  IGFBP-rP2  during  senescence 
of  HPEC.  Moreover,  IGFBP-rP2  noticeably  increased  in  response  to 
TGF-/31  and  a\\-trans  retinoic  acid  (atRA)  in  HPEC  and  PC-3  cells, 
and  it  decreased  in  response  to  IGF-I  in  HPEC. 

IGFBP-rP3  [nephroblastoma  overexpressed  (NOV)],  the  protein 
product  of  the  NOV  protooncogene,  was  not  detected  in  HPEC  but  was 
expressed  in  the  tumorigenic  DU145  and  PC-3  cells.  It  was  also 
synthesized  by  the  SV40-T  antigen-transformed  P69  and  malignant 
M12  cells,  where  it  was  down-regulated  by  atRA. 

These  observations  suggest  biological  roles  of  IGFBP-rPs  in  the 
human  prostate.  IGFBP-rPl  and  IGFBP-rP2  are  likely  to  negatively 
regulate  growth,  because  they  seem  to  increase  during  senescence  of 
the  prostate  epithelium  and  in  response  to  growth  inhibitors  (TGF-J51 
and  atRA).  Although  the  data  collected  on  IGFBP-rP3  in  prostate  are 
modest,  its  role  as  a  growth  stimulator  and/or  protooncogene  is  sup¬ 
ported  by  its  preferential  expression  in  cancerous  cells  and  its  down- 
regulation  by  atRA.  ( Endocrinology  141:  4072-4080,  2000) 


THE  INSULIN-LIKE  growth  factor  (IGF)  system  is  com¬ 
posed  of  two  ligands  (IGF-I  and  IGF-II),  six  IGF-bind- 
ing  proteins  (IGFBPs  -1  to  -6),  and  two  receptors  (type  1  and 
type  2  IGF  receptors)  (1).  Recently,  the  IGFBP  family  of  pro¬ 
teins  has  been  expanded  to  include  additional  members  that 
share  significant  structural  similarities,  the  so-called  IGFBP- 
related  proteins  (IGFBP-rPs)  (2),  which  not  only  share  the 
conserved  aminoterminal  domain  of  the  IGFBPs  but  also 
show  some  degree  of  affinity  for  IGFs  and  insulin. 

Abnormalities  in  the  IGF  system  have  been  identified  in 
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prostate  disease,  such  as  prostate  hyperplasia  and  cancer.  In 
this  respect,  prostate  cancer  growth  seems  to  be  poorly  de¬ 
pendent  on  IGFs,  because  the  type  I  IGF  receptor,  which 
mediates  most  biological  functions  of  IGF-I  and  IGF-II,  is 
down-regulated  during  prostate  carcinogenesis  (3).  Addi¬ 
tionally,  recent  epidemiological  studies  have  shown  an  in¬ 
creased  risk  of  developing  prostatic  carcinoma  in  adult  males 
with  high-normal  serum  concentrations  of  IGF-I  (4). 

Despite  extensive  characterization  of  the  IGFBPs  in  the 
human  prostate,  little  is  known  about  their  roles  in  prostate 
physiology.  IGFBP-2  and  -4  are  known  to  increase  during 
carcinogenesis  of  the  prostatic  epithelium  (5,  6),  whereas 
IGFBP-3  is  a  proteolytic  substrate  for  prostate-specific  anti¬ 
gen  (7,  8).  Recent  studies  have  also  shown  an  increase  of 
several  IGFBPs  in  prostate  tissue  during  involution  of  the 
gland  in  castrated  rats  and  in  men  taking  finasteride  (9, 10). 
These  findings  suggest  that  IGFBPs  may  play  a  role  in  ap¬ 
optosis  of  prostate  cells,  either  by  sequestering  IGFs  or  by 
direct  cellular  actions.  Our  knowledge  of  the  new  IGFBP-rPs 
in  the  human  prostate  is  only  scant  at  its  best. 

The  IGFBP-rPs  are  cysteine-rich  proteins  involved  in  a 
diversity  of  biological  functions,  including  growth  regula- 
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tion.  IGFBP-rPl  was  originally  cloned  from  leptomeningial 
cells  and  was  termed  meningioma-associated  complemen¬ 
tary  DNA  (cDNA)  (MAC25)  (11).  This  protein  has  also  been 
reported  as  tumor-derived  adhesion  factor  (TAP,  recently 
renamed  Angiomodulin)  (12,  13),  prostacyclin-stimulating 
factor  (14),  and  T1A12  (15).  In  the  human  prostate,  we  have 
also  recently  described  preferential  expression  of  IGFBP-rPl 
in  normai  human  prostate  cells  and  tissues,  compared  with 
their  malignant  counterparts,  and  we  have  shown  that  this 
protein  is  up-regulated  by  transforming  growth  factor 
(TGF)-/31  and  all-frans  retinoic  acid  (atRA)  in  prostate  epi¬ 
thelial  cells  (16). 

IGFBP-rP2  [also  known  as  connective  tissue  growth  factor 
(CTGF)]  was  initially  isolated  from  human  umbilical  endo¬ 
thelial  cells  and  shown  to  be  mitogenic  and  chemotactic  for 
fibroblasts  (17).  IGFBP-rP2  belongs  to  the  CCN  [for  CYR61, 
CTGF,  and  nephroblastoma  overexpressed  (NOV)]  family  of 
cysteine-rich  proteins  involved  in  a  diversity  of  cellular  func¬ 
tions,  such  as  mitogenesis,  differentiation,  survival,  adhe¬ 
sion,  migration,  and  regulation  of  matrix  gene  expression 
(18).  IGFBP-rP2  is  also  a  major  downstream  effector  of  TGF-/3 
in  fibroblasts,  where  it  was  evidenced  that  TGF-0  controls 
IGFBP-rP2  expression  via  a  novel  response  element  in  the 
IGFBP-rP2  gene  (19).  To  date,  however,  no  studies  have  been 
reported  on  the  role  of  IGFBP-rP2  in  prostate  biology  and/or 
carcinogenesis. 

IGFBP-rP3  (also  known  as  NOV)  was  first  recognized  as 
an  aberrantly  expressed  gene  in  avian  nephroblastoma  and 
later  shown  to  be  also  overexpressed  in  the  human  homo- 
logue  Wilms  tumor  (20,  21).  In  the  human  prostate,  it  has 
been  reported  that  NOV  is  differentially  expressed  in  PC-3 
cells,  compared  with  other  cancerous  and  normal  cells  in 
culture,  but  the  significance  of  this  finding  is  unknown  (22). 

We  now  report  that  prostate  epithelial  cells,  in  culture, 
express  not  only  IGFBP-rPl  and  3,  but  also  IGFBP-rP2,  and 
that  these  proteins  are  responsive  to  growth  regulators.  In¬ 
terestingly,  IGFBP-rPl  and  2  also  increase  during  senescence 
of  normal  prostate  epithelial  cells,  thus  supporting  growth- 
regulatory  roles  of  these  proteins  in  the  prostatic  epithelium. 

Materials  and  Methods 

Materials 

Epidermal  growth  factor  (EGF),  dexamethasone,  atRA,  and  the  ad¬ 
ditive  ITS  (insulin,  transferrin,  selenium)  were  purchased  from  Sigma 
(St.  Louis,  MO).  PrEBM  human  prostate  epithelial  cell  (HPEC)  media 
was  obtained  from  Clonetics  (San  Diego,  CA).  RPMI  (1640  media)  was 
obtained  from  Life  Technologies  (Grand  Island,  NY).  IGF-I  and  TGF-/31 
were  both  purchased  from  Austral  Biologicals  (San  Ramon,  CA).  FBS 
was  obtained  from  HyClone  Laboratories,  Inc.  (Logan,  UT).  [3H]methyl- 
thymidine  was  purchased  from  NEN  Life  Science  Products  (Boston, 
MA),  and  MTS  assay  kit  (CellTiter  96  AQueous  One  Solution  Cell  Pro¬ 
liferation  Assay)  was  obtained  from  Promega  Corp.  Corporation  (Mad¬ 
ison,  WI).  Nitrocellulose  and  electrophoresis  reagents  were  purchased 
from  Bio-Rad  Laboratories,  Inc.  (Hercules,  CA);  nylon  membranes  (Ge- 
nescreen)  were  obtained  from  NEN  Life  Science  Products.  Horseradish 
peroxidase-linked  donkey  antirabbit  and  sheep  antimouse  IgG  antibod¬ 
ies  and  enhanced  chemiluminescence  detection  reagents  were  pur¬ 
chased  from  Amersham  Pharmacia  Biotech  (Arlington  Heights,  IL). 
HPEC  cells  were  purchased  from  Clonetics.  LNCaP,  DU145,  and  PC-3 
cells  were  obtained  from  American  Type  Culture  Collection  (Manassas, 
VA).  P69SV40T  (P69)  and  M12  prostate  epithelial  cells  were  previously 
described  (23).  Polyclonal  antibodies  against  IGFBP-rPl,  IGFBP-rP2,  and 
IGFBP-rP3  were  generated  in  rabbits,  as  previously  described  (24-26). 


Monoclonal  IgG  antibody  against  pl6tNK',a  (13251A)  was  purchased 
from  Phar-Mingen  (San  Diego,  CA). 

Cell  culture 

Figure  1  summarizes  the  cell  lines  employed  in  these  studies.  HPEC 
cells  were  maintained  in  PrEBM  media  supplemented  with  the  follow¬ 
ing:  bovine  pituitary  extract  (BPE),  insulin,  hydrocortisone,  GA-1000, 
retinoic  acid,  transferrin,  levothyroxine,  epinephrine,  and  human  EGF. 
HPECs  were  subcultured  as  recommended  by  the  manufacturer.  When 
they  reached  80%  confluence,  all  growth  factors  were  withdrawn,  except 
for  BPE,  for  12  h.  Medium  was  changed  again  to  PrEBM  plus  BPE  for 
cell  proliferation  and  growth  factor  regulation  studies. 

P69  and  its  M12  subline  were  grown  in  RPMI  media  supplemented 
with  10  ng/ml  EGF,  0.1  p,M  dexamethasone,  5  pg/ml  insulin,  5  pg/ml 
transferrin,  and  5  ng/ml  selenium.  LNCaP,  DU145,  and  PC-3  cells  were 
maintained  in  RPMI  enriched  with  10%  FBS.  All  cultures  used  were 
mycoplasma-free,  as  determined  by  the  Mycoplasma  PCR  Primer  Set 
(Stratagene,  La  Jolla,  CA)  and  were  grown  at  37  C  under  5%  C02. 

Cellular  proliferation  assays 

Cells  were  seeded  at  a  density  of  1  X  104  cells  per  well,  in  48-well 
plates  (Falcon,  Becton  Dickinson  and  Co.  Labware,  Franklin  Lakes,  NJ), 
in  500  /xl  of  either  rich  defined  medium  or  10%  FBS-enriched  medium, 
depending  on  the  cell  line.  When  80%  confluence  was  reached,  the 
medium  was  changed  to  either  basal  medium  or  serum  free  medium  for 
12  h  and  then  treated  with  various  doses  of  TGF-/31  (0-5  ng/ml),  atRA 
(0.001-1  p.M),  or  IGF-I  (0-100  ng/ml)  in  250  p.1  of  the  same  serum-free 
medium  for  48  h.  [3H]thymidine  (0.4  p.Ci/ml)  was  added  for  the  last  24  h 
(HPEC  and  PC-3  cells)  or  for  the  last  6  h  (P69  and  M12  cells).  After 
labeling,  the  cell  layers  were  washed  twice  with  PBS  and  incubated  with 
10%  trichloroacetic  acid  (TCA)  at  -20  C  for  15  min,  followed  by  another 
wash  with  10%  TCA  before  the  cells  were  lysed  with  0.25  N  sodium 
hydroxide,  and  the  precipitated  material  was  read  by  means  of  an  LS 
6500  Scintillation  Counter  (Beckman  Coulter,  Inc.,  Fullerton,  CA). 

Cell  proliferation  was  also  tested  by  MTS  assay  kit,  according  to  the 
manufacturer's  instructions.  Cells  were  incubated  for  the  last  2  h  of 
treatment,  in  the  presence  of  the  MTS  reagent,  and  absorbance  was 
measured  at  A490 

Growth  factor  regulation  studies 

Cells  were  seeded  at  a  density  of  10  X  104  cells  per  well,  in  60-mm 
tissue  culture  dishes,  and  grown  to  80%  confluence.  Treatments  with 
TGF-/31  (0-5  ng/ml),  atRA  (0.001-1  /xm),  or  IGF-I  (0-100  ng/ml)  were 
also  done  under  serum-free  conditions,  for  48  h,  after  which  conditioned 
media,  total  cell  lysates,  and  total  cytoplasmic  RNA  were  collected  for 
Western  immunoblots  (see  Western  immunoblot  analyses)  and  Northern 
blots  (see  RNA  analyses)  studies. 

Normal  Immortalized  Cancer 


SV40T  P69 - ►  Ml  2 

transformation 


HPEC 

'  .  Clinical  samples 

LNCaP 

DU145 

PC-3 

Fig.  1.  Prost  ate  epithelial  cells  studied.  Primary  cultures  of  normal 
HPEC  were  transformed  with  the  SV40-T  antigen  to  obtain  the  P69 
cell  line  with  low  tumorigenic  potential.  M12  cells,  originated  after 
several  passages  of  P69  cells  in  athymic  mice,  are,  however,  highly 
tumorigenic  and  metastatic.  The  well-established  androgen-depen¬ 
dent  (LNCaP)  and  androgen-independent  (DU 145  and  PC-3)  cells 
lines,  derived  from  clinical  samples,  were  also  studied. 
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Western  immunoblot  analyses 

Conditioned  media  and  total  cell  lysates,  using  RIPA  buffer  [150  mM 
NaCl,  20  mM  HEPES  (pH  7.4),  1%  (vol/vol)  Triton  X-100,  1%  (wt/vol) 
sodium  deoxycholate,  0.1%  (wt/vol)  SDS,  and  Mini  EDTA-free  protease 
inhibitors  (Roche  Molecular  Biochemicals,  Laval,  Quebec,  Canada)], 
from  both  treated  and  untreated  (control)  cells,  were  normalized  for 
protein  concentration,  using  a  DC  protein  assay  (Bio-Rad  Laboratories, 
Inc.).  Equal  amounts  of  total  protein  per  sample  were  dissolved  in 
nondenaturing  SDS  sample  buffer  [0.5  m  Tris  (pH  6.8),  1%  SDS,  10% 
glycerol,  and  bromphenol  blue]  and  boiled  for  5  min.  Samples  were 
e'ectrophoresed  on  15%  SDS-polyacrylamide  gels,  then  electroblotted 
onto  nitrocellulose,  and  membranes  blocked  with  4%  milk-TBS-T  [Tris- 
buffered  saline-Tween-20  (0.1%)]  for  1  h  at  22  C.  Western  blots  were 
incubated  with  IGFBP-rPl,  -rP2,  or  -rP3  antisera  at  a  1:3000  dilution  and 
with  pl61NK4a  IgG  antibody  at  a  dilution  of  1:500  (1  p.g/ml)  in  TBS-T 
overnight  at  4  C.  Blots  were  washed  with  TBS-T  and  then  incubated  for 
1  h  at  22  C  with  a  1:3000  dilution  of  horseradish  peroxidase-linked 
antirabbit  or  antimouse  IgG  secondary  antibodies.  Proteins  of  interest 
were  detected  with  ECL  chemiluminescence  reagents,  according  to  the 
manufacturer's  protocol. 

RNA  analyses 

Total  cytoplasmic  RNA  was  isolated  from  cells,  by  use  of  RNeasy 
(QIAGEN,  Inc.,  Chatsworth,  CA).  Twenty  micrograms  of  each  RNA 
preparation  were  electrophoresed  on  a  1.2%  agarose-2.2  m  formalde¬ 
hyde  gel,  transferred  overnight  onto  a  nylon  membrane  (GeneScreen), 
using  10  X  SSC  as  the  transfer  solution,  and  cross-linked  to  the  mem¬ 
brane  by  UV irradiation  in  a  Stratalinker  1800  (Stratagene).  The  Northern 
blots  were  then  probed  with  an  EcoRI/Xho  fragment  of  IGFBP-rPl  (27), 
or  a  BamHI/Xho  fragment  of  IGFBP-rP2  (28),  which  were  radiolabeled 
(1  X  109  dpm/fig)  with  [or-32P]deoxycycidine  triphosphate  (NEN  Life 
Science  Products-DuPont;  SA,  3000  Ci/mmol)  using  a  random  priming 
kit  (Prime-a-Gene,  Promega  Corp.).  Northern  blots  were  hybridized 
overnight  at  65  C  in  hybridization  buffer  (Rapid-Hyb,  Amersham  Phar¬ 
macia  Biotech),  according  to  the  manufacturer's  instructions.  Blots  were 
then  washed  for  15  min  in  2  X  SSC/0.1%  SDS  at  22  C,  followed  by  two 
more  stringent  washes  in  0.2  x  SSC/0.1%  SDS  at  65  C  for  15  min.  Blots 
were  exposed  to  Kodak  Biomax  film  (Eastman  Kodak  Co.,  Rochester, 
NY)  for  12  to  48  h  at  -70  C,  using  one  intensifying  screen.  Membranes 
were  then  reprobed  with  18S  ribosomal  RNA,  which  acted  as  a  loading 
control  for  the  RNA  samples.  An  image  analyzer  (GS-700)  equipped  with 
MultiAnalyst  version  1.0.2  Software  (Bio-Rad  Laboratories,  Inc.)  was 
used  to  quantify  the  resulting  bands. 

RT-PCR 

RT-PCR  was  performed  using  5'-CGCGAATTCGCCATGCAGAGT- 
GTGCAGAGCACG-3'  and  5'-GGGGCTCGAGTTACATTTTCCCTCT- 
GGTAGTC-3'  primers  specific  for  IGFBP-rP3.  One  microgram  of  total 
RNA  from  each  cell  line  was  reversed  transcribed  in  a  vol  of  20  nb  by 
use  of  Reverse  Transcription  System  Kit  (Promega  Corp.),  following  the 
manufacturer's  instructions.  The  reaction  was  performed  at  42  C  for  15 
min,  denatured  at  99  C  for  5  min,  and  placed  on  ice.  One  microliter  of 
the  mixture  and  50  pmol  of  5'  and  3'  primers  were  employed  in  PCR 
amplification  reactions  using  Advantage  GC  cDNA  PCR  Kit  (CLON- 
TECH  Laboratories,  Inc.,  Palo  Alto,  CA).  Amplification  of  the  cDNA  was 
carried  out  with  25  cycles  of  denaturing  at  94  C  for  1  min,  annealing  at 
55  C  for  1  min,  and  extension  at  72  C  for  2  min.  One  negative  and  one 
positive  control  were  included  in  all  reactions. 

Statistical  analyses 

All  experiments  were  performed  at  least  twice.  Statistical  analyses 
were  performed  by  a  two-tail  Student's  t  test,  assuming  unequal  vari¬ 
ances,  using  Excel  Data  Analysis  Software  (Microsoft  Corp.,  Redmond, 
WA).  Data  are  expressed  as  means  ±  se.  P  <  0.05  was  considered 
significant. 


Results 

Expression  of  IGFBP-rPl,  2,  and  3  in  HPECs 

In  agreement  with  previous  observations  (16),  IGFBP-rPl 
messenger  RNA  (mRNA)  was  detected  by  Northern  blot 
analysis  in  the  P69/M12  lineage  and  in  primary  cultures  of 
prostate  epithelial  cells,  with  a  parallel  detection  of  IGFBP- 
rPl  in  conditioned  media  from  these  cultures  (Fig.  2).  In  the 
malignant  LNCaP,  DU145,  and  PC-3  cells,  IGFBP-rPl  mRNA 
was  undetectable  by  Northern  blot,  and  an  immunoreactive 
band  was  only  present  in  cell  lysates  but  not  in  conditioned 
media  from  these  cells. 

IGFBP-rP2  mRNA  was  detectable  in  all  but  one  cell  line  as 
a  single  2.4-kb  band,  consistent  with  the  molecular  size  ob¬ 
served  in  most  studies  (29).  IGFBP-rP2  protein  was  present 
in  conditioned  media  and  in  cell  lysates  from  these  cultures. 
In  contrast  to  IGFBP-rPl,  both  normal  and  malignant  pros¬ 
tate  epithelial  cells  express  similar  amounts  of  IGFBP-rP2 
(Fig.  2). 

IGFBP-rP3  message  was  evaluated  by  RT-PCR  in  only  a 
limited  number  of  cell  lines  but  was  identifiable  in  P69,  M12, 
LNCaP,  and  PC-3  cells.  IGFBP-rP3  protein  was  undetectable 
in  conditioned  media  from  HPEC,  compared  with  readily 
detectable  levels  in  the  immortalized  P69  cell  line  and  ma¬ 
lignant  M12,  DU145,  and  PC-3  cells  (Fig.  2). 

Expression  of  IGFBP-rPl  and  2  during  senescence  of  HPEC 

HPEC  cells  have  a  limited  life  span,  with  no  more  than  30 
population  doublings  before  they  enter  replicative  senes¬ 
cence  (corresponding  to  our  9th  culture  passage).  Thus,  early 
passages  of  HPEC  (<4th)  are  highly  replicative  cells  (dupli¬ 
cation  time  for  4th  passage  is  approximately  2  days),  whereas 
senescent  cells  (>9th  passage)  are  unable  to  replicate,  and 
they  die  over  time  (Fig.  3). 

Interestingly,  both  IGFBP-rPl  and  2  were  up-regulated  on 
increasing  passage  of  these  cells,  with  concentrations  of  both 
mRNA  and  secreted  protein  more  than  5-fold  higher  at  late 
passages,  compared  with  early  passages  (Fig.  4,  A  and  B). 

In  support  of  an  increase  of  these  proteins  during  senes¬ 
cence  of  HPEC,  we  also  investigated  the  concentrations  of 
cell-cycle  inhibitors  that  are  known  to  be  modified  during 
cellular  senescence,  such  as  p21WAF1  and  pl6INK4a  (30).  In 
agreement  with  a  previous  report  in  primary  cultures  of 
prostate  epithelial  cells  (31),  p21WAF1  was  barely  identifiable 
in  our  cell  lysate  preparations,  either  at  early  or  at  late  pas¬ 
sages  (data  not  shown);  whereas  a  marked  up-regulation  of 
pl6INK4a  at  late,  low-replicative  passages  was  evidenced  (6- 
fold  increase,  compared  with  early  passages),  paralleling  the 
increases  in  IGFBP-rPl  and  -rP2  (Fig.  4C). 

IGFBP-rP2  is  responsive  to  growth  regulators  in  HPECs 

Because  TGF-J3,  atRA,  and  IGF-I  are  important  regulators 
of  prostate  epithelial  growth  and  survival  (32-34)  and  be¬ 
cause  IGFBP-rP2  is  tightly  regulated  by  TGF-/3  in  other  cel¬ 
lular  systems,  we  wished  to  investigate  the  effects  of  these 
growth  inhibitors  (TGF-/3  and  atRA)  and  growth  stimulator 
(IGF-I)  on  cell  proliferation  and  IGFBP-rP2  expression  in  our 
normal  and  malignant  prostate  cells. 

Both  TGF-J3  and  atRA  caused  a  dose-dependent  inhibition 
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Fig.  3.  Growth  rates  of  early  and  late  passages  of  HPEC.  Eight  hun¬ 
dred  cells  of  an  early  passage  (4th)  and  of  a  late  passage  (9th)  were 
seeded  in  500  pi  of  rich  media  per  well  (48-well  plate).  At  the  time 
points  indicated,  cell  proliferation  was  investigated,  by  MTS  assay,  in 
triplicate  wells.  Early  passages  of  HPEC  are  highly  replicative  cells 
with  an  approximate  duplication  time  of  2  days,  whereas  late  HPEC 
passages  fail  to  replicate  in  vitro,  and  die  over  time.  Results  are 
expressed  as  means  ±  se  of  two  independent  experiments.  The  lag 
phase  observed  at  days  3  and  5  is  accounted  for  by  a  change  in  the 
growth  medium. 
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Fig.  2.  Expression  of  IGFBP-rPl,  2,  and  3  in  HPECs.  A,  Western 
immunoblot  studies  of  conditioned  media  (lane  C)  and  total  cell 
lysates  (lane  L)  from  prostate  cell  lines  using  polyclonal  anti- 
IGFBP-rPl,  2,  and  3  antibodies.  Ten  micrograms  of  total  protein 
were  loaded  per  lane;  HPEC4:  4th  passage  (highly-replicative 
cells);  HPEC9:  9th  passage  (senescent  cells).  IGFBP-rPl  is  highly 
expressed  in  normal  prostate  epithelial  cells  with  low  or  undetect¬ 
able  concentrations  in  the  malignant  M12,  LNCaP,  DU145,  and 
PC-3  (to  avoid  oversaturation  of  the  film,  only  5  p,g  of  total  protein 
for  HPEC-conditioned  media  were  loaded  per  lane  on  the  IGFBP- 
rPl  immunoblot).  In  contrast  to  IGFBP-rPl,  IGFBP-rP3  is  unde¬ 
tectable  in  HPEC  but  expressed  in  the  immortalized  P69  and  ma¬ 
lignant  M12,  DU145,  and  PC-3  cells.  IGFBP-rP2  was  expressed  in 
both  normal  and  malignant  cells.  B,  Northern  blot  analyses  of 
prostate  cells  using  [32P]  radiolabeled  IGFBP-rPl  and  2  probes. 
Twenty  micrograms  of  total  RNA  were  loaded  per  lane.  Concen¬ 
trations  of  18S  ribosomal  RNA  are  shown  as  an  internal  control  for 
loading.  C,  RT-PCR  study  of  IGFBP-rP3  expression  in  human  pros¬ 
tate  cells.  One  microgram  of  total  RNA  from  each  cell  line  was 
reversed  transcribed,  followed  by  25  cycles  of  cDNA  amplification. 
A  negative  control  ( — )  and  a  positive  control  ( + )  (IGFBP-rP3  cDNA) 
were  included  in  the  PCR  step  and  are  shown  here.  Note  that  only 
a  limited  number  of  cell  lines  were  studied  and  that  IGFBP-rP3 
mRNA  was  detectable  in  all  of  the  cultures  tested. 


of  cellular  growth  in  the  normal  HPEC  (early  replicative 
passages)  cultured  for  48  h  under  serum-free  conditions, 
whereas  only  TGF-/3  was  inhibitory  for  the  malignant  PC-3 
cells  (Fig.  5).  Paralleling  the  inhibition  of  proliferation  of 
HPEC  by  TGF-j3  and  atRA,  there  was  a  dose-dependent 
increase  in  the  concentrations  of  both  IGFBP-rP2  protein  and 
steady-state  mRNA.  A  maximum  protein  response  equiva¬ 
lent  to  a  6-fold  increase  over  the  nontreated  cells  was  ob¬ 
served  at  a  dose  of  TGF-J31  of  5  ng/ ml,  whereas  1  /xm  atRA 
caused  an  increase  of  IGFBP-rP2  protein  of  about  4-fold  over 
basal  levels  (Fig.  6A).  Similar  changes  were  also  observed 
in  the  concentrations  of  IGFBP-rP2  steady-state  mRNA 
(Fig.  6B). 

Because  IGFBP-rPl  protein  and  mRNA  increase  also  dur¬ 
ing  senescence  of  HPEC,  we  investigated  whether  IGFBP-rPl 
was  similarly  regulated  by  these  growth  regulators.  In  con¬ 
trast  to  IGFBP-rP2,  the  concentrations  of  both  IGFBP-rPl 
protein  and  steady-state  mRNA  in  HPEC  did  not  change  in 
response  to  TGF-/3  treatment.  In  response  to  atRA  treatment, 
a  2-fold  increase  of  secreted  IGFBP-rPl  protein  was  detected, 
although  no  changes  in  IGFBP-rPl  mRNA  were  observed 
(Figs.  6,  A  and  B). 

The  effects  of  IGF-I  were  also  tested  in  the  normal  HPEC 
(late,  presenescent  passages),  where  it  exerted  clear  mito¬ 
genic  actions  (Fig.  5A).  Importantly,  IGFBP-rP2  was  also 
regulated  by  IGF-I  in  HPEC,  both  at  the  protein  and  at  the 
mRNA  level,  with  a  90%  reduction  of  both  secreted  protein 
and  steady-state  mRNA,  upon  treatment  with  IGF-I  at  a  dose 
of  100  ng/ ml  (Fig.  6,  C  and  D).  In  contrast  to  IGFBP-rP2, 
neither  IGFBP-rPl  protein  nor  its  mRNA  experienced  sig¬ 
nificant  changes  in  response  to  IGF-I  treatment  in  HPEC 
(Figs.  6,  C  and  D). 

In  PC-3  cells,  only  the  effects  of  TGF-/3  and  atRA  on  IGFBP- 
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Fig.  4.  Expression  of  IGFBP-rPI  and  2  during  serial  passages  of 
HPEC.  A,  Western  immunoblot  studies  of  conditioned  media  from 
HPEC  using  polyclonal  anti-IGFBP-rPl  and  2  antibodies.  Three  mi¬ 
crograms  of  total  protein  were  loaded  per  lane.  Both  IGFBP-rPI  and 
2  concentrations,  in  conditioned  media,  increased  approximately 
6-fold  at  late,  low-replicative  passages,  compared  with  early  ones.  B, 
Northern  blot  analyses  of  same  serial  passages  of  HPEC  using  [3ZP] 
radiolabeled  IGFBP-rPI  and  2  probes.  Twenty  micrograms  of  total 
RNA  were  loaded  per  lane.  Concentrations  of  18S  ribosomal  RNA  are 
shown  as  an  internal  control  for  loading.  C,  Western  immunoblot 
studies  of  total  cell  lysates  from  HPEC  using  monoclonal  anti- 
pl6INK4a  antibody.  Ten  micrograms  of  total  protein  were  loaded  per 
lane.  Note  a  marked  up-regulation  (~6-fold)  of  pl6INK4a  concentra¬ 
tions  at  late,  low-replicative  passages,  compared  with  early  ones,  as 
part  of  the  senescence  process  of  HPEC  cells. 


rP2  concentrations  were  studied.  TGF-/3  produced  a  signif¬ 
icant  increase  (4-fold)  in  protein  levels  over  nonstimulated 
values.  Similarly,  treatment  with  atRA,  under  the  same  ex¬ 
perimental  conditions,  resulted  in  a  6-fold  increase  in  IGFBP- 
rP2  concentrations  (Fig.  7A).  These  changes  did  not,  how¬ 
ever,  follow  parallel  increases  in  the  concentrations  of 
steady-state  mRNA,  as  the  levels  of  IGFBP-rP2  mRNA  did 
not  significantly  change  on  TGF-/3  treatment  and  were  only 
increased  2-fold  by  atRA  (Fig.  7B). 

In  addition,  we  treated  all  of  the  other  cell  lines  with  the 
three  above-mentioned  growth  regulators,  but  only  small 
responses  of  IGFBP-rP2  were  observed  for  TGF-/31,  atRA, 
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Fig.  5.  Effects  of  growth  regulators  on  cellular  proliferation  of  HPEC 
and  PC-3  cells.  A,  The  growth  rates  of  HPEC  cultured  with  TGF-/3, 
atRA,  and  IGF-I,  for  48  h  under  serum-free  conditions,  were  inves¬ 
tigated  by  either  [3H]thymidine  incorporation  studies  (TGF-0)  or  by 
MTS  assay  (atRA  and  IGF-I).  Both  TGF-/3  and  atRA  are  inhibitory  for 
HPEC,  whereas  IGF-I  is  stimulatory  for  these  cells.  B,  Similarly,  the 
effects  ofTGF-B  and  atRA  were  studied  in  the  malignant  PC-3  cells. 
Only  TGF-B  was  inhibitory  for  PC-3  cells  [atRA  did  not  inhibit  the 
growth  of  these  cells,  as  judged  by  either  MTS  assay  or  by  [3H]thy- 
midine  incorporation  studies  (data  not  shown)] .  Results  are  expressed 
as  means  ±  se  of  three  independent  studies  for  HPEC  and  two  in¬ 
dependent  studies  for  PC-3  cells.  Asterisks  indicate  statistical  signif¬ 
icance  (compared  with  control). 


and  IGF-I  in  P69;  for  TGF-/31  in  M12;  and  for  atRA  in  DU145 
cells  (data  not  shown). 

IGFBP-rP3  is  regulated  in  HPECs 

IGFBP-rP3  has  been  previously  shown  to  be  expressed  in 
prostate  epithelial  cells,  but  no  regulation  has  been  de¬ 
scribed,  as  yet,  in  these  cultures  (22).  To  better  understand  the 
role  of  this  protein  in  the  human  prostate,  we  also  investi¬ 
gated  the  effects  of  TGF-/3,  atRA,  and  IGF-I  on  the  expression 
of  IGFBP-rP3  in  vitro. 

IGFBP-rP3  was  not  produced  by  normal  prostate  epithelial 
cells,  nor  was  it  induced  by  any  of  the  above-mentioned 
growth  regulators  in  these  cells.  In  the  well-established  PC-3 
(and  in  DU145)  cancer  cells,  IGFBP-rP3  was  readily  detected 
in  conditioned  media  under  serum-free  incubation,  but  no 
significant  regulation  was  observed  in  these  cultures. 

In  the  P69/M12  lineage,  both  TGF-/3  and  atRA  also  pro¬ 
duced  a  dose-dependent  inhibitory  effect  on  cellular  prolif¬ 
eration  (Fig.  8).  Interestingly,  atRA,  but  not  TGF-/3,  down- 
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Fig.  6.  IGFBP-rP2  is  responsive  to  growth  regulators  in  HPEC.  A,  Up-regulation  of  IGFBP-rP2  by  the  growth  inhibitors  TGF-/3  and  atRA. 
Representative  Western  immunoblot  of  conditioned  media,  by  HPEC,  using  polyclonal  anti-IGFBP-rP2  antibody.  Cells  were  treated  with 
increasing  concentrations  of  TGF-/31  and  atRA,  for  48  h,  in  serum-free  conditions.  A  4-fold  increase  or  greater  was  seen  with  both  TGF-/31  and 
atRA  in  early,  replicative  passages  of  HPEC.  IGFBP-rPI  regulation  was  also  studied,  but  the  changes  were  only  modest.  B,  Northern  blot 
analysis  showing  similar  results  for  IGFBP-rPI  and  -rP2  steady-state  mRNA.  C,  Down-regulation  of  IGFBP-rP2  by  the  growth  factor  IGF-I 
in  HPEC.  Representative  Western  immunoblot  of  conditioned  media,  by  HPEC,  using  polyclonal  anti-IGFBP-rP2  antibody.  Cells  were  treated 
with  increasing  concentrations  of  IGF-I  for  48  h  in  serum-free  conditions.  A  90%  decrease  in  IGFBP-rP2  was  seen  at  late  passages  of 
IGF-I-treated  HPEC.  Similar  studies  with  IGFBP-rPI  indicate  no  regulation  by  IGF-I  in  these  cells.  D,  Northern  studies  of  IGF-I  regulation 
of  both  IGFBP-rPI  and  -rP2  in  HPEC,  showing  similar  results  to  those  at  the  protein  level. 


regulated  the  concentrations  of  secreted  IGFBP-rP3  in  both 
P69  and  M12  cells  (4-  and  2-fold,  respectively;  Fig.  9). 

The  proliferative  actions  of  IGF-I  were  also  investigated  in 
P69  cells.  IGF-I  was  a  potent  growth  stimulator  of  these  cells 
(Fig.  8A)  but  had  no  observable  effects  on  the  concentrations 
of  secreted  IGFBP-rP3  protein  (Fig.  9). 

Discussion 

Recent  studies  indicate  that  both  IGFBP-rPI  and  IGFBP- 
rP3  are  expressed  by  the  prostate  epithelium  (16, 22).  We  now 
report  that  prostate  cells  in  culture  also  synthesize  another 
member  of  the  IGFBP  superfamily:  IGFBP-rP2.  Although  the 
biological  functions  of  these  proteins  in  prostate  have  yet  to 
be  defined,  they  are  likely  to  play  a  role  in  the  regulation  of 
proliferation  of  prostate  cells,  because  they  are  responsive  to 
growth  regulators,  and,  strikingly,  IGFBP-rPI  and  2  expres¬ 
sion  is  significantly  increased  during  senescence  of  the  nor¬ 
mal  prostate  epithelium. 

IGFBP-rPI  has  been  shown  to  be  differentially  expressed 
in  normal  meningeal,  breast,  and  prostate  cells,  compared 
with  their  malignant  counterparts  (11, 16, 35).  In  the  prostate, 
it  was  suggested  that  IGFBP-rPI  might  have  an  antiprolif¬ 
erative  effect,  because  it  was  also  up-regulated  by  the  epi¬ 
thelial  cell  growth  inhibitors  TGF-/31  and  atRA  (16).  Indeed, 
a  more  recent  study  indicates  a  possible  role  of  IGFBP-rPI  as 
a  tumor  suppressor  gene  for  prostate  cancer,  because  over¬ 


expression  of  this  gene  in  the  tumorigenic  and  metastatic 
M12  cells  caused  an  antiproliferative  effect  in  vitro  and  in  vivo 
(36).  More  difficult  to  reconcile,  however,  is  a  recent  report 
indicating  an  up-regulation  of  IGFBP-rPI  during  prostate 
carcinogenesis  (37).  Because  the  results  by  Degeorges  et  al. 
are  based  on  immunohistochemistry  studies,  it  is  possible 
that  the  differences  found  are  attributable  to  alternative 
properties  or  specificity  of  their  antibody;  alternatively,  dif¬ 
ferent  sources  of  prostatic  epithelial  cells  may  vary  in  these 
properties. 

Further  evidence  supporting  the  role  of  IGFBP-rPI  as  a 
tumor  suppressor  gene  relates  to  its  up-regulation  during 
senescence  of  normal  epithelial  cells.  Swisshelm  et  al.  (35) 
have  described  an  enhanced  expression  of  IGFBP-rPI  in  se¬ 
nescent  human  mammary  epithelial  cells,  indicating  a  pos¬ 
sible  involvement  of  this  protein  in  the  cell-cycle  mechanisms 
leading  to  cellular  senescence. 

HPEC,  similarly  to  human  mammary  epithelial  cells,  have 
a  limited  life  span,  undergoing  senescence  after  a  limited 
number  of  population  doublings.  Besides  a  failure  to  repli¬ 
cate  in  vitro,  senescent  HPECs  exhibit  phenotypic  changes,  as 
they  become  larger  and  flattened,  and  induce  /3-galactosidase 
activity  (data  not  shown).  Consistent  with  this,  a  marked 
up-regulation  of  the  cell-cycle  inhibitor  pl6INK4a  was  ob¬ 
served  at  late  passages  of  HPEC,  a  phenomenon  that  has  been 
recently  reported  in  these  cells  (31).  Our  results  are,  thus,  in 
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Fig.  7.  IGFBP-rP2  is  responsive  to  growth  regulators  in  PC-3.  A, 
Up-regulation  of  IGFBP-rP2  by  the  growth  inhibitors  TGF-/3  and 
atRA.  Representative  Western  immunoblot  of  conditioned  media  by 
PC-3  using  polyclonal  anti-IGFBP-rP2  antibody.  Cells  were  treated 
with  increasing  concentrations  of  TGF-/31  and  atRA,  for  48  h,  in 
serum-free  conditions.  A  4-fold  increase  or  greater  was  seen  with  both 
TGF-/31  and  atRA  in  PC-3.  B,  Northern  blot  analysis  for  IGFBP-rP2 
indicates  only  modest  increases  at  the  mRNA  levels  that  were  sta¬ 
tistically  different  for  atRA  (graph  shows  the  means  ±  SE  of  two 
independent  experiments).  Asterisks  indicate  statistical  significance 
(compared  with  control). 

agreement  with  observations  in  human  mammary  cells,  in 
that  the  concentrations  of  both  IGFBP-rPl  mRNA  and  pro¬ 
tein  were  markedly  enhanced  during  replicative  senescence 
of  normal  prostate  epithelial  cells.  Thus,  although  the  precise 
role  of  IGFBP-rPl  in  the  human  prostate  has,  as  yet,  to  be 
clarified,  our  results  support  the  hypothesis  that  IGFBP-rPl 
is  a  tumor  suppressor  gene  and/or  senescence  factor. 

Several  lines  of  investigation  also  support  roles  of  IGFBP- 
rP2  in  growth  regulation  and  tumorigenesis.  IGFBP-rP2  me¬ 
diates  most  of  the  biological  actions  of  TGF-/3  in  fibroblasts 
where  a  novel  TGF-/3  response  element  in  the  IGFBP-rP2 
promoter  has  been  found  (19).  Additionally,  IGFBP-rP2  is  a 
growth  factor  for  endothelial  cells  (29, 38).  Supporting  its  role 
in  tumorigenesis,  IGFBP-rP2  was  expressed  by  a  chondro¬ 
sarcoma-derived  chondrocytic  cell  line  and  a  fibrosarcoma 
cell  line  in  vitro  (29,  39)  and  has  been  found  in  the  stromal 
component  of  breast  and  pancreatic  cancer  and  desmoplastic 
melanomas  (40-42).  Additionally,  it  has  been  shown  that 
IGFBP-rP2  is  up-regulated  by  TGF-/31  in  the  breast  cancer  cell 
line  Hs578T  (25)  and  that  IGFBP-rP2  induces  apoptosis  in  the 
estrogen  receptor-positive  breast  cancer  cell  line  MCF-7  (43). 
These  lines  of  evidence  suggest  that  IGFBP-rP2  plays  also  a 
role  in  modifying  the  growth  of  stroma  in  desmoplastic  tu¬ 
mors  and  in  regulating  the  growth  of  breast  cancer  cells. 
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Fig.  8.  Effects  of  growth  regulators  on  cellular  proliferation  of  P69 
and  M12  cells.  A,  The  growth  rates  of  P69  cultured  with  TGF-0,  atRA, 
and  IGF-I,  for  48  h,  under  serum-free  conditions,  were  investigated 
by  either  [3H]  thymidine  incorporation  studies  (TGF-jS)  or  by  MTS 
assay  (atRA  and  IGF-I).  Both  TGF-/3  and  atRA  are  inhibitory, 
whereas  IGF-I  is  stimulatory  for  P69  cells.  B,  Similarly,  the  effects  of 
TGF-/3  and  atRA  were  studied  in  the  malignant  M12  cells.  Both 
TGF-/3  and  atRA  were  inhibitory  for  M12  cells.  Results  are  expressed 
as  means  ±  SE  of  three  independent  studies  for  P69  cells  and  two 
independent  studies  for  M12  cells.  Asterisks  indicate  statistical  sig¬ 
nificance  (compared  with  control). 

In  this  light,  our  results  indicate  that  IGFBP-rP2  may  also 
regulate  the  growth  of  normal  and  prostate  cancer  cells, 
because  it  is  noticeably  up-regulated  by  growth  inhibitory 
factors,  such  as  TGF-/3  and  atRA,  in  normal  and  malignant 
cells,  and  down-regulated  by  growth-promoting  factors, 
such  as  IGF-I,  in  HPEC.  In  the  prostate,  TGF-/3  is  known  to 
limit  the  proliferation  and  survival  of  the  normal  epithelium, 
an  effect  that  is  lost  in  malignant  cells  largely  because  of  a 
down-regulation  of  TGF-J3  receptors  during  prostate  carci¬ 
nogenesis  (44).  Retinoids  also  exert  potent  inhibitory  prop¬ 
erties  in  the  normal  prostate  and  have  been  shown  to  be 
present  at  lower  concentration  in  prostate  cancer  tissues  (33, 
45).  Thus,  both  TGF-/3  and  atRA  play  major  roles  in  control¬ 
ling  the  growth  and  survival  of  normal  prostate  cells  and 
probably  also  in  the  development  of  prostate  cancer.  IGFs 
regulate  also  the  proliferation  of  prostate  cells  (34).  Interest¬ 
ingly,  the  expression  of  type  I  IGF-I  receptor,  which  mediates 
most  of  the  biological  activities  of  IGFs,  in  markedly  down- 
regulated  during  carcinogenesis  (3).  Thus,  IGFs  seem  to  play 
fundamental  roles  in  the  regulation  of  growth  and  malignant 
transformation  of  normal  prostate  epithelial  cells.  Because 
the  above-mentioned  growth  regulators  affected  the  concen- 
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Fig.  9.  IGFBP-rP3  is  regulated  in  HPECs:  down-regulation  of  IGFBP-rP3  by  the  growth  inhibitor  atRA.  Representative  Western  immunoblots 
of  conditioned  media  from  P69  and  M12  cells  using  polyclonal  anti-IGFBP-rP3  antibody.  Cells  were  treated  with  increasing  concentrations  of 
TGF-/3,  atRA,  and  IGF-I,  for  48  h,  in  serum-free  conditions.  Whereas  IGFBP-rP3  did  not  exhibit  any  regulation  by  either  TGF-/3  or  IGF-I  in 
P69  cells  or  by  TGF-/3  in  M12  cells,  both  cell  lines  responded  to  atRA  treatment  by  decreasing  their  concentrations  of  IGFBP-rP3  in  conditioned 
medium.  Densitometric  analysis  of  IGFBP-rP3  bands  is  also  shown  graphically  for  atRA  (mean  ±  se  of  three  independent  experiments).  All-frans 
RA  treatment  caused  a  4-fold  and  a  2-fold  decrease  in  the  concentrations  of  IGFBP-rP3  in  conditioned  media  from  P69  and  M12  cells,  respectively. 


trations  of  both  IGFBP-rP2  protein  and  steady-state  mRNA 
in  our  cultured  cells,  we  speculate  that,  in  the  human  pros¬ 
tate,  IGFBP-rP2  is  a  downstream  effector  of  growth  inhibitors 
and  that  IGFBP-rP2  expression  must  be  down-regulated  by 
growth  factors  to  support  cell  proliferation. 

Further  observations  support  the  hypothesis  that  IGFBP- 
rP2  may  act  as  a  growth  inhibitor.  A  striking  increase  of 
IGFBP-rP2  was  observed  during  senescence  of  HPECs,  par¬ 
alleling  increases  of  both  IGFBP-rPl  and  the  cell  cycle  in¬ 
hibitor  pl6INK4a.  Thus,  IGFBP-rP2  could  also  be  a  down¬ 
stream  effector  in  the  mechanisms  leading  to  cellular 
senescence  of  normal  cells.  In  summary,  IGFBP-rP2  is  a  po¬ 
tential  growth  inhibitor  that  is  induced  during  senescence  in 
prostate  epithelial  cells  and  can  mediate  the  effects  of  growth 
inhibitors  on  cell-cycle  progression  and/or  apoptosis  in  nor¬ 
mal  and  malignant  prostate. 

IGFBP-rP3  is  overexpressed  in  Wilms  tumor,  showing  an 
inverse  correlation  with  the  concentrations  of  the  tumor- 
suppressor  gene  WT1(21),  which  suggests  a  potential  role  of 
this  protein  as  an  protooncogene.  Supporting  this  hypothesis 
is  the  observation  that  overexpression  of  the  aminoterminal 
truncated  NOV  molecule  was  also  able  to  transform  chicken 
embryo  fibroblasts  (20).  More  recently,  NOV  has  also  shown 
to  induce  proliferation  of  mouse  fibroblasts  in  vitro  and  to 
enhance  phosphorylation  of  a  221-kDa  protein,  suggesting 
growth-stimulatory  properties  of  this  protein  through  acti¬ 
vation  of  a  still  unidentified  phosphorylated  molecule  (46). 

In  the  prostate,  data  on  NOV  expression  are  only  modest, 
with  one  report  showing,  by  RT-PCR,  that  NOV  mRNA  is 
preferentially  expressed  in  PC-3,  compared  with  other  nor¬ 
mal  and  malignant  prostatic  epithelial  cells  (22).  Our  results 
are  consistent  with  this  report,  and  we  have  extended  these 
findings  by  demonstrating  that  IGFBP-rP3  protein  was  de¬ 
tectable  in  the  condition  medium  from  PC-3  cells.  Moreover, 
by  RT-PCR,  we  were  able  to  detect  IGFBP-rP3  mRNA  in  the 
immortalized  P69  cells  and  in  the  malignant  M12  and  LNCaP 
cell  lines.  IGFBP-rP3  protein  was  also  detected  in  conditioned 
media  from  these  cells  (except  LNCaP  cells)  and  in  the  con¬ 
ditioned  medium  from  the  malignant  DU145  cells.  However, 
IGFBP-rP3  expression  was  not  detected  in  normal  HPEC 
cells.  Additionally,  IGFBP-rP3  expression  was  suppressed  by 


the  growth-inhibitor  atRA  in  P69  and  M12  cells.  Thus, 
IGFBP-rP3  expression  in  prostatic  cells  is  consistent  with  its 
potential  role  as  a  protooncogene  and/or  growth  factor. 

In  summary,  we  report  on  the  expression  and  regulation 
of  two  additional  IGFBP-rPs  in  prostate  cells,  IGFBP-rP2  and 
rP3,  with  results  that  support  the  hypothesis  that  these  pro¬ 
teins,  like  IGFBP-rPl,  are  involved  in  the  regulation  of  pros¬ 
tatic  cell  growth.  IGFBP-rP2  may  piay  a  role  as  a  growth 
inhibitor,  because  its  expression  is:  1)  enhanced  during  se¬ 
nescence  of  normal  prostate  epithelial  cells  (in  a  fashion 
similar  to  that  of  IGFBP-rPl);  2)  increased  by  growth  inhib¬ 
itory  factors  (TGF-/3  and  atRA);  and  3)  decreased  by  IGF-I. 
Conversely,  IGFBP-rP3  may  act  as  a  growth  stimulator  for 
prostate  cells,  given  its  preferential  expression  in  malignant 
cells  and  its  down-regulation  by  atRA. 
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Abstract 

Dietary  factors  play  an  important  role  in  both  the  devel¬ 
opment  and  prevention  of  human  cancers,  including  breast 
carcinoma.  One  dietary  micronutrient,  sodium  butyrate 
(NaB),  is  a  major  end  product  of  dietary  starch  and  fiber, 
produced  naturally  during  digestion  by  anaerobic  bacteria 
in  the  cecum  and  colon.  NaB  is  a  potent  growth  inhibitor 
and  initiates  cell  differentiation  for  many  cell  types  in  vitro. 
In  this  study,  we  investigated  the  effects  of  NaB  on  three 
human  mammary  epithelial  cells  and  regulation  of  the  IGF 
axis,  specifically,  IGF-binding  protein-3  (IGFBP-3),  a 
known  growth  regulator  in  human  mammary  cells,  and 
IGFBP-related  protein  2  (IGFBP-rP2)/connective  tissue 
growth  factor. 

NaB  inhibited  DNA  synthesis,  as  measured  by  [3H]thy- 
midine  incorporation,  in  estrogen-responsive  (MCF-7) 
and  estrogen-non-responsive  (Hs578T)  breast  cancer  cells, 
and  normal  human  mammary  epithelial  cells  (HMEC)  to 
a  similar  degree  (up  to  90%  inhibition  at  1-10  mM 
concentrations).  Treatment  of  cells  with  NaB  induced 
histone  hyperacetylation,  suggesting  that  NaB  exerts  its 
biological  effects,  at  least  in  part,  as  a  histone  deacetylase 
inhibitor  in  mammary  epithelial  cells.  Treatment  of 
Hs578T  cells  with  NaB  caused  an  induction  of  apoptotic 
cell  death.  NaB  treatment  resulted  in  increased  levels  of 


p21wan/Cipi  and 

protein  in  Hs578T  cells  and 
distinct  upregulation  of  p27Klp1  in  HMEC,  suggesting  that 
NaB  activates  different  genes  involved  in  cell  cycle  arrest, 
depending  upon  the  cell  type.  In  the  same  context,  among 
the  IGFBP  superfamily  members  tested,  NaB  specifically 
upregulated  the  expression  of  IGFBP-3  and  IGFBP-rP2. 
These  two  proteins  are  known  to  be  involved  in  inhibition 
of  mammary  epithelial  cell  replication.  Northern  blot 
analysis  showed  that  NaB  treatment  at  l-10mM 
concentrations  caused  a  dose-dependent  stimulation  of 
IGFBP-3  mRNA  expression  in  cancerous  cells  and 
IGFBP-rP2  mRNA  expression  in  both  cancerous  and 
non-cancerous  cells.  Protein  data  from  Western  ligand  blot 
and  immunoblot  analyses  demonstrated  parallel  results. 

In  summary,  we  have  demonstrated  that  NaB  (i) 
uniformly  suppresses  DNA  synthesis  in  both  cancerous 
and  non-cancerous  mammary  cells,  and  (ii)  upregulates 
IGFBP-3  and  IGFBP-rP2  mRNA  and  protein  levels  in 
cancerous  and  non-cancerous  mammary  cells.  These 
results  provide  the  first  demonstration  that  butyrate 
regulates  the  IGFBP  system  in  the  human  mammary 
system. 

Journal  of  Endocrinology  (2001 )  1 69,  97-1 1 0 


Introduction 

Butyric  acid  is  a  4-carbon  fatty  acid  which  is  the  major 
product  from  microbial  fermentation  of  dietary  fibers  in 
the  large  intestine  (Velazquez  et  cil,  1997).  It  is  a  potent 
growth  inhibitor  and  initiates  cell  differentiation  in  several 
cell  types,  including  breast  cancer  cells  in  vitro  (Coradini 
et  cil,  1997,  Velazquez  et  al.  1997,  Gleave  et  al.  1998, 
Yamamoto  et  al.  1998).  Although  the  molecular  mech¬ 
anisms  by  which  butyrate  exerts  its  effects  are  still  unclear, 
it  is  known  to  induce  a  number  of  alterations  within  the 
nucleus,  including  histone  hyperacetylation  (de  Haan  et  al. 
1986,  Archer  &  Hodin  1999). 


It  has  been  reported  that  butyrate,  as  well  as  trichostatin 
A  (TSA),  a  specific  histone  deacetylase  inhibitor  (Yoshida 
et  al.  1990),  modulates  specific  genes  involved  in  cell  cycle 
regulation  and  apoptosis.  These  include  the  cyclin- 
dependent  kinase  (cdk)  inhibitor  p21Wafl/Cipl  (Archer 
et  al.  1998),  pl6'^K4  (Schwartz  et  al.  1998),  p27Kipl 
(Litvak  et  al.  1998),  retinoblastoma  protein  (Vaziri  et  al. 
1998),  cyclin  D1  (Lallemand  et  al.  1996,  Siavoshian  et  al. 
1997),  Bcl-2  and  Bax  (Mandal  &  Kumar  1996,  Hague 
et  al.  1997).  Furthermore,  butyrate  has  also  been  reported 
to  upregulate  the  expression  of  transforming  growth 
factor-P  (TGF-p)  (Staiano-Coico  et  al.  1990),  which  is 
known  to  be  involved  in  growth  suppression  of  various 
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cancer  cells,  including  breast  cancer  cells  (Knabbe  et  al. 
1987). 

Insulin-like  growth  factors  (IGFs)  are  potent  mitogens 
for  several  cell  types  (Macaulay  1992,  Resnicoff  et  al. 
1995).  The  IGF  system  consists  of  IGF-I  and  IGF-II 
ligands,  the  transmembrane  type  I  and  type  II  IGF 
receptors,  the  IGF-binding  proteins  (IGFBPs)  and  IGFBP 
proteases  (Hwa  et  al.  1999).  Recently,  the  concept  of  the 
IGFBP  superfamily  has  been  proposed  (Baxter  et  al.  1998); 
it  consists  of  high  affinity  IGF  binders  (IGFBP-1  to  -6) 
and  low  affinity  IGF  binders  (IGFBP-related  proteins 
(IGFBP-rPs)).  The  IGFBPs  modulate  IGF  bioactivity,  and 
bind  with  differential  affinities  to  IGFs  in  serum  and 
various  biological  fluids  (Kelley  et  al.  1996,  Rajaram  et  al. 

1997) .  In  addition,  recent  evidence  suggests  that  some 
IGFBPs  may  have  direct  receptor-mediated  effects 
independent  of  IGFs  (Oh  et  al.  1993).  IGFBP-3,  for 
example,  has  been  demonstrated  to  be  an  important 
mediator  of  other  growth  inhibitory  agents,  such  as 
retinoic  acid  (Gucev  et  al.  1996),  vitamin  D  (Colston  et  al. 

1998) ,  TGF-p  (Oh  et  al.  1995,  Gucev  et  al.  1996,  Rajah 
et  al.  1997),  anti-estrogens  (Huynh  et  al.  1996),  tumor 
necrosis  factor-a  (Rozen  et  al.  1998)  and  p53  (Buckbinder 
et  al.  1995),  independently  of  the  IGF  signaling  system. 
Furthermore,  the  importance  of  IGF-independent  biologi¬ 
cal  effects  of  the  IGFBP  superfamily,  such  as  IGFBP-3 
(Oh  et  al.  1993),  IGFBP-rPl  (Burger  et  al.  1998)  and  -rP2 
(Hishikawa  et  al.  1999)  on  cell  replication  has  been 
demonstrated  in  human  breast  cancer  cell  systems. 

In  this  study,  we  have  investigated  the  effects  of  sodium 
butyrate  (NaB)  on  members  of  the  IGFBP  superfamily 
in  human  mammary  epithelial  cells,  using  estrogen- 
responsive  (MCF-7)  and  estrogen-non-responsive 
(Hs578T)  breast  cancer  cells,  and  normal  human 
mammary  epithelial  (HMEC)  cells.  We  report  here  that 
NaB  upregulates  IGFBP-3  and  IGFBP-rP2  mRNA  and 
protein  in  mammary  epithelial  cells. 

Materials  and  Methods 

Materials 

NaB,  TSA,  BSA  and  0-4%  trypan  blue  solution  were 
purchased  from  Sigma  Chemical  Co.  (St  Louis,  MO, 
USA).  125I-labeled  IGF-I  was  kindly  provided  by 
Diagnostic  Systems  Laboratories  (Webster,  TX,  USA). 
Polyclonal  anti-IGFBP-3,  anti-IGFBP-rPl,  anti- 
IGFBP-rP2  and  anti-HECl  (specific  for  both  human 
IGFBP-2  and  -3)  antisera  were  generated  as  previously 
described  (Rosenfeld  et  al.  1990,  Oh  et  al.  1993,  Wilson 
et  al.  1997,  Yang  et  al.  1998).  Polyclonal  anti-IGFBP-5 
antibody  was  purchased  from  Austral  Biologicals  (San 
Ramon,  CA,  USA).  Polyclonal  anti-acetyl-lysine,  anti- 
acetylated  histone  H3  and  anti-acetylated  histone  H4 
antibodies  were  purchased  from  Upstate  Biotechnology 
(Lake  Placid,  NY,  USA).  Polyclonal  anti-poly(ADP- 


ribose)polymerase  (PARP)  antibody  was  purchased  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 
Monoclonal  antibodies,  anti-p21Wafl/Cipl,  anti-pl6INI  4 
and  anti-p27K,pl  were  purchased  from  Transducion 
Laboratories  (Lexington,  KY,  USA),  PharMingen  (San 
Diego,  CA,  USA)  and  Calbiochem  (Cambridge,  MA, 
USA)  respectively. 

Cell  culture 

Hs578T  estrogen-non-responsive  human  breast  cancer 
cells  and  MCF-7  estrogen-responsive  human  breast  cancer 
cells  were  purchased  from  ATCC  (Manassas,  VA,  USA). 
Both  cell  lines  were  maintained  in  DMEM  supplemented 
with  4-5  g/1  glucose,  110  mg/1  sodium  pyruvate,  and  10% 
fetal  bovine  serum.  HMEC  (normal  human  mammary 
epithelial  cells)  were  purchased  from  Clonetics  (San 
Diego,  CA,  USA),  and  maintained  in  mammary  epi¬ 
thelium  basal  medium  (MEBM)  with  growth  supplements 
(bovine  pituitary  extract  (BPE),  human  epidermal 
growth  factor,  insulin,  hydrocortisone,  gentamicin  and 
amphotericin-B)  as  directed  by  the  manufacturer. 

[3 HJthymidine  incorporation  assay 

Cells  were  seeded  into  24-well  dishes  at  37  °C  in  5%  COz. 
At  90%  confluence,  cells  were  placed  in  serum-free  media 
for  12  h,  then  treated  as  indicated  in  the  text.  After  22  h, 
0T  pCi  [3H]thymidine  (NEN,  Boston,  MA,  USA)  in  a 
volume  of  25  pi  PBS  was  added  to  each  well,  and  the  plate 
was  incubated  for  4  h  at  37  °C.  Cells  were  washed  with 
cold  PBS  twice,  treated  with  10%  trichloroacetic  acid 
(TCA)  for  10  min  at  —  20  °C,  washed  with  10%  TCA 
followed  by  95%  ethanol,  and  lysed  with  400  pi  0-25  N 
NaOH  per  well.  Cell  lysates  (CL)  from  each  well  were 
transferred  to  scintillant  vials,  then  10  ml  scintillation  fluid 
with  1 00  pi  2  N  HC1  were  added  to  the  vials,  and  the 
radioactivity  was  measured  in  a  scintillation  counter. 

MTS  assay 

Hs578T  cells  were  seeded  into  96-well  plates.  At  80% 
confluence,  they  were  incubated  for  12  h  in  serum-free 
DMEM,  then  treated  with  various  concentrations  of  NaB 
as  indicated  in  the  text  in  serum-free  media.  After  a 
further  incubation  of  1-4  days,  the  MTS  reagent  (Promega 
Co.,  Madison,  WI,  USA)  was  added  in  the  ratio 
recommended  by  the  manufacturer.  At  15  min  intervals, 
the  absorbance  of  the  formazan  product  at  490  nm  was 
read  with  a  plate  reader  (Spectra  Shell  Reader;  SLT 
Labinstruments  GmbH,  Austria).  On  the  same  plate,  cells 
were  dispensed  at  the  differential  confluency.  These  cells 
were  left  untreated  in  serum-free  media,  and  then  the 
MTS  reagent  was  added  at  the  same  time  as  to  the 
butyrate-treated  wells.  After  the  reading,  cells  were 
trypsinized,  then  the  cell  number  was  counted  with  a 
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hemacytometer.  Using  this  method,  a  linear  correlation 
was  obtained  between  direct  cell  counts  from  1  x  103  to 
1  X  104  per  well  and  the  absorbance  (r=0'85,  n= 70)  (data 
not  shown).  The  experiment  was  repeated  three  times  in 
conditions  where  the  starting  untreated  control  cell 
number  was  8  x  103  per  well,  and  the  absorbance  at 
490  nm  read  at  45  min  after  adding  the  MTS  reagent  to 
the  wells  was  ~08. 

Quantitation  of  apoptosis 

To  quantitate  apoptotic  cell  death,  the  Cell  Death 
Detection  ELISAPLUS  kit  (Roche  Molecular  Bio¬ 
chemicals,  Mannheim,  Germany),  which  measures  cyto¬ 
plasmic  histone-bound  DNA  fragments  produced  during 
apoptotic  DNA  fragmentation,  was  used  (Mandal  & 
Kumar  1996).  Hs578T  cells  were  seeded  into  a  96-well 
plate  at  80%  confluence,  they  were  incubated  for  12  h  in 
serum-free  DMEM,  then  treated  with  various  concen¬ 
trations  of  NaB  in  serum-free  media.  After  72  h,  cyto¬ 
plasmic  extracts  were  made  from  attached  cells  by  adding 
100  pi  lysis  buffer  to  5  x  103  cells  per  well.  Supernatant 
(20  pi  from  100  pi)  was  analyzed  in  the  ELISA,  as  directed 
by  the  manufacturer’s  protocol.  Briefly,  the  samples 
were  placed  into  streptavidin-coated  multi-well  plates,  a 
mixture  of  anti-histone-biotin  and  anti-DNA-peroxidase 
was  added  and  incubated.  The  ELISA  was  developed  with 
peroxidase  substrate,  and  the  absorbance  at  405  nm  was 
measured  against  490  nm  as  a  reference  wavelength. 
The  experiment  was  performed  from  duplicate  samples 
for  each  data  point  generated,  and  was  repeated  twice 
independently. 

Preparation  of  conditioned  media  (CM)  and  CL 

Cells  were  seeded  in  12-well  plates.  At  95%  confluence, 
they  were  incubated  for  12  h  in  serum-free  DMEM 
(Hs578T  and  MCF-7)  or  supplement-free  MEBM  with 
added  BPE  (HMEC),  then  treated  as  indicated  in  the  text 
in  serum-  or  supplement-free  media.  CM  samples  were 
collected  after  72  h  and  centrifuged  at  1000  g  for  10  min 
to  remove  debris.  The  harvested  CM  from  duplicate  wells 
within  each  experiment  were  pooled  and  stored  at 
—  20  °C  until  assay.  Proteins  in  40  pi  CM  per  lane  were 
examined  by  Western  immunoblot  or  Western  ligand  blot 
under  non-reducing  conditions. 

CL  samples  were  harvested  at  24  h  post-treatment  by 
washing  with  PBS,  and  then  adding  150  pi  cold  RIP  A 
lysis  buffer  (20  mM  Tris,  pH  8-0,  150  mM  NaCl,  1% 
NP-40,  0-5%  NaDOC,  0T  %  SDS)  plus  protease  inhibitors 
cocktail  (Roche  Molecular  Biochemicals)  directly  to  each 
well.  Plates  were  rocked  for  30  min  at  4  °C,  and  the  lysates 
were  collected  and  centrifuged  at  10  000  g  for  10  min  at 
4  °C.  The  supernatants  from  duplicate  wells  within  each 
experiment  were  pooled  and  stored  at  —  20  °C  until  assay. 
Total  protein  concentration  was  determined  for  each 


sample  using  DC  Protein  Assay  Reagent  (Bio-Rad, 
Hercules,  CA,  USA),  and  20  pg  total  protein  per  sample 
were  examined  by  Western  immunoblot  under  reducing 
conditions. 

Western  ligand  blot  analysis 

Proteins  from  CM  samples  were  size-fractionated  by  12% 
SDS-PAGE  under  non-reducing  conditions  and  electro- 
blotted  onto  nitrocellulose  filters  (Hybond;  Amersham 
Pharmacia  Biotech,  Piscataway,  NJ,  USA).  Filters  were 
washed  in  3%  NP-40/ ddH20  for  30  min,  blocked  with 
1%  BSA/TBS-T  (20  mM  Tris-HCl,  pH  7-6,  150  mM 
NaCl,  0T%  Tween-20)  for  2  h,  and  incubated  overnight 
with  2-0  x  106  c.p.m.  1  5I-labeled  IGF-I.  The  membranes 
were  washed,  dried  and  exposed  to  film  (Kodak  BioMax 
MS,  Eastman  Kodak  Co.,  Rochester,  NY,  USA)  for 
12-18  h. 

Western  immunoblot  analysis 

For  IGFBP-3,  IGFBP-rPl  and  IGFBP-rP2  detection, 
CM  samples  were  separated  on  non-reducing  12  or 
15%  SDS-PAGE.  Forp21Wafl/Cipl  detection,  CL  samples 
were  separated  on  reducing  15%  SDS-PAGE.  Proteins 
were  electrotransferred  onto  nitrocellulose,  and  mem¬ 
branes  were  blocked  with  5%  non-fat  dry  milk/TBS-T 
for  1  h  at  room  temperature,  then  incubated  in 
1 :3000  dilution  of  primary  antibody  at  4  °C  overnight. 
Immunoreactive  proteins  were  detected  using  enhanced 
chemiluminescence  (NEN,  Boston,  MA,  USA). 

Total  RNA  isolation  and  Northern  blot  analysis 

Cells  were  grown  in  6-well  plates  until  95%  confluent. 
Cells  were  then  incubated  in  serum-free  media  for  12  h, 
then  treated  for  1 8  h  in  serum-  or  supplement-free  media 
as  indicated  in  the  text.  Total  RNA  was  isolated  from 
duplicate  wells,  using  the  RNeasy  Kit  (Qiagen,  Valencia, 
CA,  USA),  and  5  pg  total  RNA  per  sample  were  separated 
on  a  1%  formaldehyde  agarose  gel  and  transferred  to  nylon 
membranes  (GeneScreenPlus;  NEN).  Membranes  were 
stained  with  0-02%  methylene  blue  in  0-3  M  NaOAc,  pH 
5-5,  and  18S  and  28S  rRNA  bands  were  used  as  internal 
controls  to  adjust  for  sample  loading.  The  blot  was  then 
hybridized  at  65  °C  with  full  length  cDNA  probes 
random-labeled  with  [32P]dCTP  (Prime-It  II;  Stratagene, 
Cedar  Creek,  TX,  USA),  washed  and  autoradiographed. 

Densitometric  analysis 

To  quantitate  the  relative  induction  after  Western 
blot  analyses  or  Northern  blot  analyses,  densitometric 
measurement  was  performed  by  using  a  GS-700  imaging 
densitometer  with  Multi- Analyst  software  (Bio-Rad). 
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Figure  1  Effect  of  NaB  (A)  and  TSA  (B)  on  DNA  synthesis  in  Hs578T,  MCF-7  and  HMEC  cells.  Serum-starved  cells  (85-90%  confluent) 
were  incubated  in  basal  medium  for  22  h  in  the  absence  or  presence  of  various  concentrations  of  NaB  or  TSA  as  indicated. 
[3H]Thymidine  was  added,  and  the  incubation  was  continued  for  another  4  h.  The  incorporation  of  [3H]thymidine  was  determined  relative 
to  control  cells  incubated  without  the  addition  of  these  reagents.  Results  represent  the  average  of  two  independent  experiments  each 
performed  in  triplicate. 


Results 

NaB  treatment  inhibits  DNA  synthesis  and  causes  histone 
hyperaceylation  in  human  mammary  epithelial  cells 

Since  it  has  been  demonstrated  that  treatment  of  NaB 
resulted  in  growth  inhibition  in  a  variety  of  cell  systems 
in  vitro,  we  first  examined  the  effect  of  NaB  on  DNA 
synthesis  in  normal  (HMEC)  and  cancerous  (Hs578T, 
MCF-7)  human  mammary  epithelial  cells,  using  the 
[3H]  thymidine  incorporation  assay.  NaB  suppressed  DNA 
synthesis  in  both  cancerous  and  non-cancerous  human 
mammary  epithelial  cells  in  a  dose-dependent  manner, 
with  90-100%  inhibition  at  NaB  concentrations  of  5  mM 
(Fig.  1A).  One  major  function  of  NaB  is  inhibition  of 
histone  deacetylase  activity,  resulting  in  histone  hyper¬ 
acetylation.  In  order  to  determine  whether  NaB-induced 
inhibition  of  DNA  synthesis  might  be  due  to  histone 
hyperacetylation,  we  treated  the  cells  with  TSA,  a  specific 
histone  deacetylase  inhibitor,  and  compared  its  effect  on 
DNA  synthesis.  As  shown  in  Fig.  IB,  TSA  also  suppressed 
DNA  synthesis,  with  90-100%  inhibition  at  TSA  concen¬ 
trations  of  100  nM  in  these  cells.  This  suggests  that 
butyrate-induced  suppression  of  DNA  synthesis  in  these 
human  mammary  cells  may  involve  histone  hyperacetyl¬ 
ation,  as  is  shown  by  Western  immunoblot  with  an 
anti-acetyl-lysine  antibody  (Fig.  2).  The  CL  24  h  after 
treatment  with  NaB  showed  an  increase  of  acetylated 
proteins  in  a  dose-dependent  manner,  as  indicated  by  the 
appearance  of  1 1  and  16  kDa  bands,  which  were  identified 
as  H4  and  H3  histones  respectively  by  Western  immuno¬ 
blot  with  specific  antibodies  (data  not  shown).  Histone 
hyperacetylation  was  similarly  demonstrated  by  treatment 
with  TSA  (Fig.  2).  Interestingly,  only  the  11  kDa  band 
was  seen  at  concentrations  over  100  nM. 


Effects  of  NaB  on  reducing  cell  number  and  the  induction  of 
apoptosis  in  human  mammary  epithelial  cells 

As  NaB  inhibits  DNA  synthesis  almost  completely  by  24  h 
treatment,  cell  viability  over  4  days  after  NaB  treatment  in 
Hs578T  cells  was  then  studied.  The  MTS  assay  was  used, 
as  described  in  Materials  and  Methods,  as  a  marker  of 
relative  viable  cell  number.  A  progressive  reduction  in  cell 
number  by  MTS  assay  was  observed  from  day  2  onwards 
using  10  mM  NaB,  and  from  day  3  onwards  after  5  mM 
NaB  treatment  (Fig.  3).  In  parallel  wells,  when  cell 
numbers  were  counted  after  trypsinizing  by  direct 
visualization  using  a  hemacytometer,  the  attached  cell 
numbers  were  reduced  over  the  same  time  course  and 
concentrations  of  NaB  as  was  detected  in  the  MTS  assay 
above  (data  not  shown).  Using  trypan  blue  exclusion 
during  hemacytometer  counting,  when  counted  at  the 
same  time  point,  the  same  number  of  attached  cells  were 
shown  to  take  up  trypan  blue  in  the  NaB-treated  wells 
compared  with  the  control  wells,  throughout  the  full 
4  days  of  the  study  (data  not  shown).  This  trypan  blue 
staining  pattern  indicates  that  cell  plasma  membrane 
integrity  was  maintained  in  the  attached  cells  after  NaB 
treatment  compared  with  the  control. 

As  a  reduction  in  viable  cell  number  by  NaB  was 
occurring  over  time,  the  possibility  that  apoptosis  was 
being  induced  by  NaB  in  the  mammary  epithelial  cells 
was  then  addressed.  Two  independent  methods  of  analysis 
were  used  to  detect  apoptosis:  first,  nuclear  enzyme 
cleavage,  and  secondly,  DNA  fragmentation.  The  nuclear 
enzyme  PARP  is  proteolytically  cleaved  during  apoptosis 
in  vitro  in  many  cell  types,  including  breast  cancer 
cells  (Kaufmann  et  al.  1993).  Figure  4A  shows  Western 
immunoblots  with  an  anti-PARP  antibody  after  treatment 
of  Hs578T  and  MCF-7  cells  with  NaB  followed  by 
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Figure  2  Effect  of  NaB  on  protein  acetylation.  Serum-starved  cells  were  treated  for  24  h 
with  various  concentrations  of  NaB  as  indicated.  CL  harvested  from  duplicate  wells  within 
each  experiment  were  pooled,  and  20  pg  protein  per  lane  were  loaded  onto  1 5% 
SDS-PAGE  under  reducing  conditions.  Gels  were  immunoblotted  with  an  anti-acetyl-lysine 
antibody  as  described  in  Materials  and  Methods.  The  immunoblots  of  CL  treated  with 
100  nM  TSA  are  shown  on  the  right.  Molecular  mass  markers  are  also  shown.  The  results 
are  representative  of  two  independent  experiments. 


NaB  [mM] 

Figure  3  Growth  inhibition  by  NaB.  Hs578T  cells  were  seeded  into  96-well  plates,  then  serum-starved  cells 
were  treated  with  various  concentrations  of  NaB  as  indicated.  On  subsequent  days,  cell  proliferation  was 
measured  using  the  MTS  assay.  A  dose-response  effect  with  added  NaB  is  seen  over  4  days.  Results  are 
expressed  in  absorbance  readings  at  490  nm  as  percent  of  the  untreated  controls  ±  s.E.  (n  =  1 6). 
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Figure  4  Effect  of  NaB  on  apoptosis.  (A)  Immunoblot  analysis  of 
PARP  in  Hs578T  and  MCF-7  CL  obtained  during  treatment  with 
NaB  (day  1  and  day  3).  The  85  kDa  fragment  characteristic  of 
apoptosis  is  shown.  The  data  shown  are  representative  of  two 
independent  experiments.  (B)  Induction  of  apoptosis  in  Hs578T 
cells  treated  with  increasing  doses  (0-10  mM)  of  NaB  for  72  h. 
Cytoplasmic  extracts  were  prepared  from  attached  cells,  and 
apoptotic  cell  death  was  quantitated  by  ELISA  measuring 
cytoplasmic  histone-bound  DNA  complexes  characteristic  of 
apoptosis,  as  described  in  Materials  and  Methods.  Results  are 
expressed  as  mean  absorbance  ±  so.  of  two  independent 
experiments  performed  in  duplicate  (n= 4). 


analysis  of  CL.  The  ~  85  kDa  carboxy-terminal  fragment 
of  PARP  detected  by  Western  immunoblotting  is  indica¬ 
tive  of  apoptosis  occurring  in  the  lysates  sampled 
(Kaufmann  et  al.  1993,  Lazebnik  et  at.  1994).  In  Hs578T 
cells,  some  induction  of  the  fragment  was  already  observed 
by  day  1  at  concentrations  of  5  mM  NaB  and  above,  and 
was  more  marked  in  the  day  3  lysates,  particularly  after 
10  mM  NaB.  Detectable  increases  in  the  PARP  fragment 
were  also  seen  in  the  day  3  CL  of  MCF-7  cells  (Fig.  4A). 

To  verify  and  more  accurately  quantitate  the  apoptosis 
induced  by  NaB,  an  ELISA  kit  that  detects  histone- 
associated  DNA  fragments  (mono-  and  oligo- 
nucleosomes)  in  the  cytoplasmic  fraction  of  CL  was  used, 
as  described  in  Materials  and  Methods.  In  the  Hs578T 
cytoplasmic  extracts  from  attached  cells  studied  at  3  days 


post-treatment,  NaB  induced  apoptosis  in  a  dose- 
dependent  manner  (Fig.  4B).  This  sensitive  assay  demon¬ 
strated  apoptotic  effects  initially  commencing  at  1  mM 
NaB.  Taken  together,  the  two  methods  of  measuring 
apoptosis  show  that  NaB  induces  apoptosis  in  the  cells 
studied,  in  a  more  delayed  time  course  compared  with 
the  earlier  effects  on  [3H]thymidine  incorporation.  The 
apoptosis  induced  by  NaB  would  be  expected  to  reduce 
the  viable  cell  number,  which  was  observed,  as  described 
earlier. 

NaB  uprcgulates  expression  of  p21 Wa^ /Cip  1  mRNA  and 
protein  levels  in  human  mammary  epithelial  cells 

As  the  major  mechanism  for  butyrate-induced  growth 
inhibition  in  various  cell  systems  is  known  to  be  through 
upregulation  of  cdk  inhibitors,  in  particular  p21Waf1/c,pl, 
the  induction  of  p21Wafl/c,pl  in  mammary  epithelial  cells 
was  next  investigated.  Figure  5A  is  a  Northern  blot  of 
p21wafi/ciPi  from  Hs578Ti  MCF-7  and  HMEC  cells 
treated  with  or  without  NaB.  p21Wafl/c’P1  mRNA 
expression  was  upregulated  in  all  three  cell  lines,  and  was 
most  marked  in  Hs578T  cells.  As  shown  in  Fig.  5B,  an 
upregulation  of  p21Waf1/c'p1  protein  levels  occurred  in 
these  cells,  with  the  greatest  increase  in  p21Wafl/c,pl 
observed  in  FIs578T  cells,  which  parallels  the  mRNA 
data.  As  the  degree  of  induction  was  different  between 
Hs578T  cells  and  the  other  two  cell  lines,  the  NaB  effect 
on  cdk  inhibitors  p27Klpl  and  pl6INK4  was  further  in¬ 
vestigated.  A  distinct  upregulation  of  p27K,pl  by  NaB 
treatment  (a  2-5-fold  increase  at  5  mM  treatment)  was 
reproducibly  seen  in  HMEC  cells,  but  not  in  the  cancer¬ 
ous  cell  lines  (Fig.  5B).  We  did  not  detect  pl61NK4  in 
Hs578T  and  MCF-7  cells,  and  only  a  slight  induction  of 
this  protein  was  seen  in  HMEC  cells.  Taken  together, 
these  data  suggest  that  differential  cdk  inhibitors  are 
induced  by  NaB  treatment,  in  a  cell-type-dependent 
manner. 

Butyrate  upregulatcs  IGFBP-3  mRNA  and  protein  levels  in 
cancerous,  but  not  in  non-cancerous  mammary  cells 

To  investigate  any  correlation  between  the  effect  of  NaB 
and  the  regulation  of  IGFBP  system,  we  first  examined 
IGFBP-3,  a  known  growth  suppressor  in  human 
mammary  cells.  Northern  blotting  was  firsdy  performed  to 
measure  steady-state  mRNA  levels.  Figure  6A  shows  the 
time-course  effect  of  NaB  treatment  on  steady-state  levels 
of  IGFBP-3  mRNA  in  Hs578T  cells.  NaB  induced  the 
expression  of  IGFBP-3  mRNA  in  a  time-dependent 
manner,  with  increases  first  detectable  at  6  h  after  treat¬ 
ment,  and  with  a  2-5-fold  increase  after  treating  cells  with 
5  mM  NaB  for  24  h,  whereas  in  the  non-cancerous 
HMEC  cells,  only  a  slight  induction  (<l-2-fold)  was 
observed  (Fig.  6B).  In  MCF-7  cells,  IGFBP-3  mRNA  was 
not  detected  in  these  analyses. 
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Figure  5  Effect  of  NaB  on  expression  of  p21  Waf,/C'pl  mRNA  (A),  and  protein  of  P21Wa,1/cip1,  p27Kipl  and  p16INK4  (B).  (A)  Representative 
Northern  blots.  Serum-starved  cells  were  treated  for  1 8  h  with  various  concentrations  of  NaB  as  indicated.  Total  RNA  was  harvested,  and 
5  pg  per  lane  were  electrophoresed.  The  membrane  was  probed  with  labeled  cDNA  fragments  for  p21 Wi,n/Clp1.  The  28S  rRNA  is 
presented  as  an  indicator  of  loading.  The  data  shown  are  representative  of  at  least  three  separate  experiments.  (B)  Representative  Western 
immunoblots.  Twenty  micrograms  total  protein  from  whole  CL  obtained  at  24  h  post-treatment  per  lane  were  loaded  onto  1 5%  SDS-PACE 
under  reducing  conditions,  and  immunoblotted  with  anti-p21Waf1/Clp1,  anti-p27K,pl  and  anti-p16'NKJ  ,  as  indicated  in  Materials  and 
Methods.  Two  sets  of  untreated  controls  were  derived  from  different  wells  in  the  same  culture  plates.  The  data  shown  represent  two 
separate  experiments.  p16INK4  was  only  detectable  in  the  CL  of  HMEC  cells. 


The  CM  were  then  examined  for  changes  in  IGFBP-3 
protein  levels  after  NaB  treatment.  In  order  to  ascertain  a 
suitable  time  point  to  collect  CM  samples,  the  time-course 
induction  of  media  IGFBP-3  protein  in  Hs578T  cells  was 


studied  by  Western  ligand  blot  analysis,  using  125I-labeled 
IGF-I  as  the  ligand,  as  described  in  Materials  and  Methods. 
The  IGFBP-3  level  in  the  CM  was  detectably  increased  at 
24  h,  even  after  1  mM  NaB,  was  further  increased  at  48  h, 
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Figure  6  Northern  blot  analysis  of  the  effect  of  NaB  on  the 
expression  of  IGFBP-3  mRNA.  Total  RNA  was  harvested,  and  5  pg 
per  lane  were  electrophoresed.  The  membrane  was  subsequently 
probed  with  labeled  cDNA  fragments  of  IGFBP-3.  (A)  Time-course 
expression  of  IGFBP-3  mRNA  in  Hs578T  cells.  Serum-starved  cells 
were  treated  for  6,  1 2  and  24  h,  with  or  without  NaB  as  indicated. 
(B)  Representative  Northern  blots  for  IGFBP-3  mRNA  expression 
at  18  h  (HMEC)  and  24  h  (Hs578T)  post-treatment.  28S  rRNA 
methylene  blue  membrane  staining  is  presented  as  an  indicator  of 
equal  loading.  Densitometric  analysis  adjusted  for  18S  and  28S 
rRNA  is  also  shown.  Each  result  represents  at  least  three 
independent  experiments.  In  MCF-7  cells,  IGFBP-3  mRNA  was  not 
detected  in  10  pg  total  RNA. 


and  peaked  at  72  h  following  NaB  treatment  (Fig.  7A). 
Subsequently,  CM  at  72  h  post-treatment  were  analyzed 
in  further  studies.  As  shown  in  Fig.  7B,  various  IGFBPs 
could  be  detected  by  the  IGF  ligand  blot.  The  identity  of 


these  IGFBPs  was  confirmed  by  Western  immunoblots 
using  IGFBP-3,  -2  and  -5  specific  antibodies,  showing  the 
42—46  kDa  doublet  bands  to  be  IGFBP-3,  the  broad 
29-36  kDa  bands  to  contain  IGFBP-2  and  -5,  and  the 
24  kDa  band  to  be  IGFBP-4  (data  not  shown).  In  HMEC 
cells,  the  Western  ligand  blot  did  not  reveal  an  IGFBP-5 
band,  whereas  the  Western  immunoblot  with  IGFBP-5 
antibody  revealed  a  low  intensity  band  of  the  predicted 
molecular  mass  for  IGFBP-5  (data  not  shown)  (Adamo 
ct  al.  1992,  Sheikh  et  al.  1992).  IGFBP-3  protein  levels 
were  upregulated  in  both  Hs578T  (2-1-fold  over  the 
control)  and  MCF-7  (12-6-fold  over  the  control)  cells, 
each  after  5  mM  NaB  treatment  (Fig.  7B).  Further 
Western  immunoblotting  analyses  demonstrated  no 
detected  IGFBP-3  fragments  in  all  samples  tested  in  these 
cells  (data  not  shown).  As  the  basal  level  of  IGFBP-3  in 
MCF-7  cells  was  nearly  undetectable,  the  induction  of 
IGFBP-3  protein  by  NaB  was  more  conspicuous  in  this 
cell  line.  In  contrast,  only  slight  upregulation  of  IGFBP-3 
(<l-5-fold)  was  observed  in  HMEC  cells,  mirroring  the 
mRNA  data  (shown  earlier  in  Fig.  6B).  Levels  of  IGFBP- 
2/-5  and  -4  showed  no  significant  change  up  to  10  mM 
NaB  treatment,  after  accounting  for  effects  of  NaB  on  cell 
number  (not  shown).  The  effect  of  TSA  treatment  on 
IGFBP-3  protein  levels  by  Western  ligand  blot  and 
immunoblot  was  also  studied.  TSA  treatment  of  both 
Hs578T  and  MCF-7  cells  caused  a  dose-dependent 
increase  in  IGFBP-3  protein  levels  (not  shown),  suggesting 
that  NaB-induced  upregulation  of  IGFBP-3  is,  at  least  in 
part,  through  histone  hyperacetylation.  This  effect  was  not 
seen  in  the  HMEC  cells  (data  not  shown). 


NaB  upregulates  IGFBP-rP2  mRNA  and  protein  expression 
in  both  cancerous  and  non-cancerous  mammary  cells 

The  induction  of  the  low  affinity  IGF  binders,  especially 
IGFBP-rP2,  was  then  investigated,  as  this  protein  also  has 
recently  been  shown  to  have  a  growth  suppressive  effect  in 
human  mammary  cells  (Hishikawa  et  al.  1999).  The  effect 
of  NaB  treatment  on  IGFBP-rP2  mRNA  expression  was 
potent,  particularly  in  Hs578T  cells,  where  effects 
occurred  with  0-5  mM  NaB.  As  seen  in  Fig.  8A,  a  10-fold 
induction  of  IGFBP-rP2  by  5  mM  NaB  treatment  was 
observed  in  Hs578T  cells,  whereas  a  maximal  2-  to  3-fold 
induction  occurred  in  HMEC  cells.  IGFBP-rP2  mRNA 
was  not  detected  in  MCF-7  cells. 

Western  immunoblot  analysis  against  IGFBP-rP2  and 
-rPl  was  then  performed.  As  shown  in  Fig.  8B,  NaB 
highly  upregulated  IGFBP-rP2  protein  levels  in  all  three 
cell  lines  in  a  dose-dependent  manner  (>10-fold  at 
10  mM  NaB  over  the  control  in  all  three  cell  lines). 
Increases  in  media  IGFBP-rP2  were  initially  detectable 
within  24  h,  even  after  only  1  mM  NaB  (data  not  shown). 
In  contrast  to  the  effects  on  IGFBP-rP2,  the  IGFBP-rPl 
band  intensity  was  not  increased  by  NaB  treatment.  The 
apparent  reduction  in  IGFBP-rPl  by  NaB  treatment 
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Figure  7  Effect  of  NaB  on  IGFBP  production  in  Hs578T,  MCF-7  and  HMEC  cells  analyzed  by  Western  ligand  blotting. 
Serum-starved  cells  were  treated  with  various  concentrations  of  NaB.  CM  harvested  from  duplicate  wells  within  each 
experiment  were  pooled,  size-fractionated  using  1 2%  SDS-PAGE  under  non-reducing  conditions,  electroblotted  onto 
nitrocellulose  membranes,  and  treated  with  ,25l-labeled  IGF-I,  as  indicated  in  Materials  and  Methods.  (A)  Time-course 
expression  of  IGFBP-3  protein  in  Hs578T  cells.  Serum-starved  cells  were  treated  with  or  without  NaB  as  indicated  and 
Western  ligand  blot  was  performed  over  4  days.  (B)  Representative  Western  ligand  blots  using  72  h  CM  in  Hs578T, 
MCF-7  and  HMEC  cells.  The  data  shown  were  derived  from  at  least  three  independent  experiments. 


compared  with  control,  especially  in  Hs578T  CM,  was 
52%  on  average  using  densitometric  analysis  at  day  3  after 
10  mM  NaB.  This  reduction  in  IGFBP-rPl  could  be  fully 
accounted  for  by  considering  the  effects  of  NaB  on  cell 
number,  as  shown  earlier  in  Fig.  3,  where  40-50%  of  the 
cells  are  non-viable  by  this  time  of  NaB  treatment 
compared  with  control.  IGFBP-rPl  was  not  detected  in 
MCF-7  cells.  These  results  show  that  IGFBP-rP2  mRNA 


and  protein  are  specifically  induced  by  NaB  in  both 
cancerous  and  non-cancerous  breast  epithelial  cells. 

Discussion 

In  this  study,  NaB  effects  in  the  human  mammary  cell 
system  including  cancerous  and  non-cancerous  cells,  was 
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(A) 


NaB  treatment 


r 


Hs578T 

28S 

HMEC 

28S 


Densitometric  Analysis 


IGFBP-rP2  mRNA  (  2.4  kb ) 


IGFBP-rP2  IGFBP-rPl 

Figure  8  Effect  of  NaB  on  (A)  IGFBP-rP2  mRNA  expression,  and  (B)  IGFBP-rP2  and  -rPI  protein  expression  in  Hs578T,  MCF-7  and 
HMEC  cells.  (A)  Representative  Northern  blots.  Total  RNA  was  harvested  at  1 8  h  post-treatment,  and  5  pg  per  lane  were  electrophoresed. 
The  membrane  was  subsequently  probed  with  labeled  cDNA  fragments  of  IGFBP-rP2.  28S  rRNA  methylene  blue  membrane  staining  is 
presented  as  an  indicator  of  equal  loading.  Densitometric  analysis  adjusted  for  18S  and  28S  rRNA  is  also  shown.  Each  result  represents 
two  independent  experiments.  In  MCF-7  cells,  IGFBP-rP2  mRNA  was  not  detected  in  1 0  pg.  total  RNA.  (B)  Representative  Western 
immunoblot  analysis.  Serum-starved  cells  were  treated  with  various  concentrations  of  NaB  for  72  h.  CM  harvested  from  duplicate  wells 
within  each  experiment  were  pooled,  size-fractionated  using  12%  (for  IGFBP-rP2)  or  15%  (for  IGFBP-rPl)  SDS-PAGE  under  non-reducing 
conditions,  electroblotted  onto  nitrocellulose  membranes,  and  treated  with  appropriate  antibodies,  as  indicated  in  Materials  and  Methods. 
IGFBP-rPl  was  not  detected  in  the  CM  of  MCF-7  cells. 


investigated,  in  order  to  obtain  a  greater  understanding  of 
the  cellular  mechanism  of  action  of  NaB  in  this  cell  type. 
NaB  was  found  to  cause  an  initial  inhibition  in  new  DNA 


synthesis,  followed  by  apoptotic  changes,  and  a  reduc¬ 
tion  in  viable  cell  number.  Subsequently,  the  cdk  inhibi¬ 
tors  studied  showed  some  cellular  specificity  in  their 
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Regulation  of  IGFBP-3 


Other  Effects  of  NaB 


Figure  9  Schematic  diagram  showing  a  summary  of  sequential  effects  of  NaB  in  Hs578T 
cells  observed  in  this  study.  The  upregulation  of  IGFBP-3  and  IGFBP-rP2  is  shown  above 
the  time  line  and  other  effects  of  NaB  including  cell  growth  inhibition  and  cell  death  are 
shown  below.  For  further  description  refer  to  the  discussion  in  the  text. 


upregulation  by  NaB.  IGFBP  superfamily  members 
known  to  induce  growth  inhibition  and  apoptosis  in  breast 
epithelial  cells  were  also  upregulated  by  NaB. 

A  schematic  summary  of  our  observations  in  Hs578T 
cells  is  shown  in  Fig.  9.  We  first  studied  the  general  effects 
of  NaB  on  cell  growth  regulation.  Butyrate  induces  diverse 
and  reversible  biological  effects  on  cell  differentiation, 
apoptosis  and  cell  growth  in  vitro  (Pouillart  1998).  In 
colonic  epithelial  cells,  butyrate  is  known  to  exert  para¬ 
doxical  effects,  with  induction  of  proliferation  in  normal 
cells  and  growth  inhibition  in  neoplastic  phenotypes 
(Hassig  et  al.  1997,  Archer  &  Hodin  1999).  In  the 
mammary  system  studied  here,  butyrate  inhibits  DNA 
synthesis  in  both  normal  and  cancerous  cells  as  measured 
by  [3H]thymidine  incorporation  at  24  h  after  treatment. 
Also,  as  shown  in  Fig.  9,  after  24  h  of  NaB  treatment  at 
concentrations  over  1  mM,  cell  numbers  became  reduced 
in  a  dose-  and  time-dependent  manner.  This  reduction 
in  cell  number  was  explained,  at  least  in  part,  by  NaB- 
induced  apoptosis.  The  observed  induction  of  apoptosis  is 
consistent  with  previous  reports  of  NaB-induced  apoptosis 
in  other  cell  systems  (Hague  et  al.  1993,  Carducci  et  al. 
1996,  Coradini  et  al.  1997).  In  summary,  NaB  was 
found  to  induce  both  inhibition  of  DNA  synthesis  and 
programmed  cell  death,  in  Hs578T  cells. 

It  is  known  that  butyrate  induces  a  variety  of  changes 
within  the  nucleus  (Siavoshian  et  al.  1997,  Schwartz  et  al. 
1998),  including  histone  hyperacetylation,  especially  ofH3 
and  H4  (Archer  &  Hodin  1999),  and  DNA  methylation 
(de  Haan  et  al.  1986).  Previous  studies  indicate  that  the 
effect  of  butyrate  and  other  histone  deacetylase  inhibitors 
on  cells  closely  corresponds  to  the  effects  of  p21Wafl/Clp1 
expression  in  the  regulation  of  G1  (Hunter  &  Pines  1994), 
S  (Ogryzko  et  al.  1997)  and  G2  (Coradini  et  al.  1997, 


Lallemand  et  al.  1999)  phases  of  the  cell  cycle  (Hassig  et  al. 
1997).  The  major  mechanism  for  butyrate-induced  cell 
cycle  arrest  is  reported  to  be  through  upregulation  of 
p21Wan/c.pl  in  various  cell  systems,  including  hepato¬ 
cellular  carcinoma  cells  (Yamamoto  et  al.  1998),  colon 
cancer  cells  (Nakano  et  al.  1997,  Siavoshian  et  al.  1997, 
Archer  et  al.  1998,  Litvak  et  al.  1998),  prostate  cancer  cells 
(Huang  et  al.  1999)  and  breast  cancer  cells  (Lallemand  et  al. 
1999).  In  contrast,  Vaziri  et  al.  (1998)  demonstrated 
p21Wafl/Cipl-independent  G1  cell  cycle  arrest  by  butyrate 
in  3T3  fibroblasts.  In  our  present  studies,  the  prominent 
induction  of  p21Wafl  /c,p1  was  observed  in  estrogen-non- 
responsive  Hs578T  cancer  cells,  whereas  modest  induction 
was  observed  in  estrogen-responsive  MCF-7  cancer  cells 
and  non-cancerous  HMEC  cells.  Interestingly,  butyrate 
upregulated  p27Kipl  expression  only  in  HMEC  cells.  The 
pi 6INK4  protein  was  detected  only  in  HMEC  cells  and  no 
further  regulation  was  observed  after  butyrate  treatment. 
Taken  together,  these  data  imply  that  the  biological 
function  of  butyrate  is  mediated  through  more  than 
one  mechanism,  even  in  butyrate-induced  cell  cycle 
arrest,  suggesting  that  butyrate  possesses  multifunctional 
mechanisms  of  action. 

This  is  the  first  demonstration  that  butyrate  upregulates 
members  of  the  IGFBP  superfamily  in  human  mammary 
cells.  One  previous  report  showed  that  only  IGFBP-2  was 
upregulated  by  butyrate  in  colon  cancer  cells  (Nishimura  et 
al.  1998).  In  contrast,  our  studies  demonstrate  that  among 
the  six  IGFBPs  and  IGFBP-rP-1  and  -2,  only  IGFBP-3 
and  IGFBP-rP2  are  upregulated  by  butyrate  in  cancerous 
and  non-cancerous  mammary  epithelial  cells.  Recent 
evidence  has  suggested  that,  in  addition  to  modulating  the 
access  of  IGFs  to  their  receptors,  IGFBP-3  has  the  ability 
to  suppress  proliferation  in  various  cell  systems,  including 
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human  breast  cancer  cells,  working  through  IGF- 
independent  mechanisms  (Valentinis  et  at.  1995,  Oh 
1998).  Further  studies  have  demonstrated  that  IGFBP-3 
directly  induces  apoptosis  through  an  IGF-independent 
pathway  in  PC-3  human  prostatic  adenocarcinoma  cells 
(Rajah  et  al.  1997)  as  well  as  in  other  cell  systems 
(Nickerson  et  al.  1997).  We,  therefore,  hypothesized  that 
IGFBP-3  may  be  a  major  downstream  effector  of  growth 
inhibitory  and  apoptosis-inducing  agents. 

Indeed,  NaB  treatment  significantly  upregulated 
IGFBP-3  steady-state  mRNA  and  protein  levels  in  a  time- 
and  dose-dependent  manner  in  Hs578T  and  MCF-7 
human  breast  cancer  cells,  while  levels  of  IGFBP-2  and  -4 
were  unaffected.  As  summarized  in  Fig.  9,  we  observed 
that  the  mRNA  induction  had  already  started  at  6  h  after 
treatment  and  peaked  by  24  h  after  treatment,  while  the 
presence  of  the  protein  in  CM  was  barely  detectable  at  the 
24  h  time  point  and  gradually  increased  up  to  day  3. 
Notably,  both  the  mRNA  and  protein  induction  by  NaB 
were  detectable  earlier  than  the  reduction  in  cell  number 
and  apoptosis,  consistent  with  a  specific  regulation  of  these 
IGFBP  superfamily  members  by  NaB  rather  than  effects 
on  these  IGFBPs  occurring  secondary  to  cell  death.  In 
contrast  to  effects  seen  in  these  cancer  cell  lines,  the  NaB 
regulation  of  IGFBP-3  in  normal  human  mammary  epi¬ 
thelial  cells  was  less  marked.  Additionally,  treatment  with 
TSA  gave  similar  results,  indicating  that  histone  hyper¬ 
acetylation  may  be  involved.  The  differential  regulation  of 
IGFBP-3  by  NaB  in  cancerous  versus  non-cancerous 
cells  may  point  to  an  important  mechanism  for  growth 
inhibition  by  IGFBP-3  in  cancer. 

It  has  been  demonstrated  that  TGF-P,  which  is  a  potent 
growth  suppressing  factor  in  human  breast  cancer  cells 
(Zugmaier  et  al.  1989,  Oh  et  al.  1995),  induces  expression 
of  IGFBP-rP2  mRNA  and  protein  levels  (Yang  et  al. 
1998).  In  addition,  recent  studies  have  demonstrated  that 
IGFBP-rP2  has  a  direct  apoptotic  effect  in  MCF-7  cells 
(Hishikawa  et  al.  1999).  Our  present  data  show  that 
IGFBP-rP2  was  significantly  upregulated  by  NaB  treat¬ 
ment  in  a  time-  and  dose-dependent  manner  in  both 
cancerous  and  non-cancerous  human  mammary  epithelial 
cell  lines,  suggesting  that  IGFBP-rP2  may  also  play  a  role 
in  the  bioactivity  of  butyrate  on  cells.  In  Hs578T  cells,  the 
induction  of  IGFBP-rP2  mRNA  was  already  marked  at 
0-5  mM,  while  the  protein  levels  were  significantly 
increased  at  5  mM.  One  potential  explanation  for  this  dose 
discrepancy  is  that  some  post-transcriptional  modification 
by  NaB  of  IGFBP-rP2  may  also  be  occurring. 

On  the  basis  of  this  work,  it  can  be  speculated  that  the 
IGFBP  superfamily  members,  IGFBP-3  and  IGFBP-rP2, 
participate  in  butyrate-induced  sequential  cell  growth 
inhibition,  particularly  in  the  later  event  of  apoptosis. 
Detailed  studies  involving  regulation  of  IGFBP-3  and 
IGFBP-rP2  bioactivity  following  butyrate  treatment  in 
breast  epithelial  cells  are  now  required  to  formally  address 
this  issue.  It  is  hoped  that  exploration  of  butyrate -induced 


biological  effects  subsequent  to  the  cell  cycle  arrest  in  this 
cell  system  and  the  investigation  of  the  interaction 
between  butyrate  and  the  IGF  axis  will  lead  to  a  more 
complete  understanding  of  the  complex  mechanisms  of 
cell  growth  control,  and  to  the  development  of  better 
therapeutic  reagents. 
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ABSTRACT 

Expansion  of  extracellular  matrix  with  fibrosis  occurs  in  many 
tissues  as  part  of  the  end-organ  complications  in  diabetes,  and  ad¬ 
vanced  glycosylation  end  products  (AGE)  are  implicated  as  one  caus¬ 
ative  factor  in  diabetic  tissue  fibrosis.  Connective  tissue  growth  factor 
(CTGF),  also  known  as  insulin-like  growth  factor-binding  protein- 
related  protein-2  (IGFBP-rP2),  is  a  potent  inducer  of  extracellular 
matrix  synthesis  and  angiogenesis  and  is  increased  in  tissues  from 
rodent  models  of  diabetes.  The  aim  of  this  study  was  to  determine 
whether  CTGF  is  up-regulated  by  AGE  in  vitro  and  to  explore  the 
cellular  mechanisms  involved.  AGE  treatment  of  primary  cultures  of 
nonfetal  human  dermal  fibroblasts  in  confluent  monolayer  increased 
CTGF  steady  state  messenger  RNA  (mRNA)  levels  in  a  time-  and 


dose-dependent  manner.  In  contrast,  mRNAs  for  other  IGFBP  su¬ 
perfamily  members,  IGFBP-rPl  (mac  25)  and  IGFBP-3,  were  not 
up-regulated  by  AGE.  The  effect  of  the  AGE  BSA  reagent  on  CTCil; 
mRNA  was  due  to  nonenzymatic  glycosylation  of  BSA  and,  using 
neutralizing  antisera  to  AGE  and  to  the  receptor  for  AGE,  termed 
RAGE,  was  seen  to  be  due  to  late  products  of  nonenzymatic  glyco¬ 
sylation  and  was  partly  mediated  by  RAGE.  Reactive  oxygen  species 
as  well  as  endogenous  transforming  growth  factor-01  could  not  ex¬ 
plain  the  AGE  effect  on  CTGF  mRNA.  AGE  also  increased  CTGF 
protein  in  the  conditioned  medium  and  cell-associated  CTGF.  Thus, 
AGE  up-regulates  the  profibrotic  and  proangiogenic  protein  CTGF 
(IGFBP-rP2),  a  finding  that  may  have  significance  in  the  development 
of  diabetic  complications.  ( Endocrinology  142:  1760-1769,  2001) 


MULTIPLE  MECHANISMS  have  been  described  by 
which  chronic  hyperglycemia  might  contribute  to 
the  pathological  end-organ  complications  that  occur  in  dia¬ 
betes  mellitus.  These  include  direct  effects  of  elevated  glu¬ 
cose  on  cells,  hyperosmolality,  oxidant  stress,  and  nonenzy¬ 
matic  glycosylation  (1,  2).  Advanced  glycosylation  end 
products  (AGE)  are  biochemical  end  products  of  nonenzy¬ 
matic  glycosylation  that  are  formed  irreversibly  (3).  AGE  is 
elevated  in  serum  (4)  and  in  many  tissues  in  patients  with 
diabetes  (5),  including  skin  (6),  and  has  the  ability  to  co¬ 
valently  cross-link  and  biochemically  modify  protein  struc¬ 
ture  and  affect  protein  function  (7).  Additionally,  in  recent 
years  cell  surface  receptors  for  AGE  have  been  identified  (8), 
and  postreceptor  signaling  pathways  are  being  defined  (9, 
10).  Through  an  AGE  receptor-dependent  mechanism,  AGE 
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induction  of  cytokines  and  growth  factors  has  been  impli¬ 
cated  in  contributing  to  end-organ  changes  that  occur  in 
tissues  in  patients  with  diabetes  (11-13). 

Pathological  hallmarks  in  most  tissues  where  diabetes 
complications  occur  include  expansion  of  extracellular  ma¬ 
trix  (ECM)  and  angiogenesis  (1).  The  ECM  expansion  has 
been  proposed  to  be  due  to  a  combination  of  increased  ECM 
production  (14)  (15)  and  biochemically  modified  matrix,  with 
a  reduction  in  ECM  breakdown  (16).  Connective  tiss.i. 
growth  factor  (CTGF),  also  known  as  insulin-like  growth 
factor  (IGF)-binding  protein-related  protein-2  (IGFBP-rP2) 
(17),  is  a  potent  inducer  of  ECM  in  fibroblasts  (18, 19)  and  a 
potent  angiogenic  factor  (20,  21).  A  potential  role  for  CTGF 
in  fibrotic  disease  states  is  increasingly  being  described  (22— 
24),  suggesting  that  CTGF  may  be  a  mediator  of  ECM  ex¬ 
pansion  and  fibrosis  in  diabetes.  The  aim  of  this  study  was 
to  determine  whether  CTGF  is  up-regulated  by  AGE  and 
subsequently  to  explore  the  cellular  mechanism(s)  that  might 
be  responsible  for  this  effect. 

Materials  and  Methods 

Reagents 

Polyclonal  anti-lGFBP-rP2  (CTGF)  antibodies  (8799  and  8800)  were 
generated  in  New  Zealand  White  rabbits,  as  previously  described  (25). 
The  anti-AGE  antibody,  which  neutralizes  the  activity  of  AGE  BSA  (26), 
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was  a  gift  from  Dr.  H.  Miyata,  Kissei  Pharmaceutical  Co.  Ltd.  (Nagano, 
Japan).  The  antihuman  polyclonal  antibody  generated  in  rabbits  against 
the  receptor  for  AGE  (RAGE)  was  provided  as  an  IgG  fraction  (gift  from 
Or.  A.M.  Schmidt,  Columbia  University,  New  York,  NY).  This  antibody 
■!  hibits  ligand-stimulated  activation  of  RAGE  by  AGE  (27,  28).  The 
iiansforming  growth  factor-/31  (TGF/31)  affinity-purified  IgG  antibody 
generated  in  chickens  that  neutralizes  TGF/31  bioactivity  was  purchased 
from  R&D  Systems,  Inc.  (Minneapolis,  MN).  Nonimmune  rabbit  IgG, 
D-glucose,  glycolaldehyde,  BSA  (fraction  V,  fatty  acid  and  endotoxin 
free),  and  aminoguanidine  were  purchased  from  Sigma  (St.  Louis,  MO). 
TGF01  was  purchased  from  Austral  Biologicals  (San  Ramon,  CA). 

Intact  carboxyl-terminal  flag-tagged  IGFBP-rP2  (CTGF),  used  as  a 
standard  in  the  Western  immunoblots  and  in  the  CTGF  enzyme-linked 
immunosorbent  assay  (ELISA),  was  purified  from  a  baculovirus  expres¬ 
sion  system,  and  pure  IGFBP-rP2  (CTGF)  protein  was  quantitated  using 
Coomassie-stained  gels  with  BSA  as  standard,  all  as  previously  de- 

ribed  (29).  The  approximately  14-kDa  fragment  of  IGFBP-rP2  (CTGF), 
described  in  Fig.  7 A,  was  purified  from  a  highly  proteolyzed  preparation 
of  pure  IGFBP-rP2  (CTGF)  protein,  using  late-harvested  SF-9  insect  cell 
lysates.  After  initial  purification  of  this  preparation  by  means  of  flag 
protein-Sepharose  affinity  chromatography  (29),  the  fragment  was  sep¬ 
arated  from  any  remaining  intact  IGFBP-rP2  (CTGF)  using  a  high  per¬ 
formance  size-fractionation  gel  permeation  column  (HR-75,  Pharmacia 
Biotech,  Piscataway,  NJ)  with  PBS  as  buffer,  with  fast  performance  liquid 
chromatography,  eluting  at  0.5  ml/min  with  0.5-ml  fractions.  Pure, 
approximately  14-kDa  fragment  was  confirmed  by  Coomassie  staining 
and  Western  immunoblot  using  IGFBP-rP2  (CTGF)  primary  antibody 
(not  shown). 

AGE  synthesis 

Advanced  glycosylation  end  products  were  synthesized  in  vitro,  fol¬ 
lowing  methods  previously  described  (26,  30,  31).  BSA  (Sigma,  RIA 
grade,  fraction  V)  at  10  him  was  coincubated  in  sterile  PBS  with  either 
0.5  M  D-glucose  for  10  weeks  or  25  him  glycolaldehyde  for  3  days,  each 
with  1.5  mM  phenylmethylsulfonylfluoride  under  aerobic  conditions  at 
37  C.  To  generate  control  BSA  for  comparison  with  AGE  treatments, 
tubes  were  prepared  with  simultaneous  incubations  under  the  same 
conditions  without  the  addition  of  the  respective  reducing  sugar  or 
aldehyde.  Additionally,  in  parallel  preparations,  aminoguandine  at  100 
um,  as  an  inhibitor  of  formation  of  products  of  nonenzymatic  glyco- 
:  ylation  (13),  was  added  to  the  BSA  and  glucose.  All  preparations  were 
extensively  dialyzed  in  PBS,  using  a  low  Mr  cut-off  membrane  (6-8  kDa, 
Spectrapor  1,  Spectrum  Industries,  Los  Angeles,  CA)  (13). 

The  AGE  content  in  the  preparations  was  assessed  by  means  of 
fluorescence,  SDS-PAGE  analysis,  and  ELISA.  The  fluorescence  content, 
measured  with  a  fluorescence  spectrometer  at  390  nm  emission  after  450 
nm  excitation  in  relative  fluorescence  units  per  mg  BSA,  was  11.2  ±  2.5 
for  control  BSA,  67.1  ±  12.5  for  AGE  BSA  from  glycolaldehyde,  52.3  ± 
6.3  for  AGE  BSA  from  glucose,  and  9.7  ±  1.2  for  aminoguanidine  added 
to  BSA  and  glucose  (termed  aminoguanidine  BSA)  (31).  By  SDS-PAGE 
analysis  under  reducing  conditions,  followed  by  Coomassie  staining,  the 
AGE  BSA  produced  from  D-glucose  and  glycolaldehyde  was  shown  to 
lave  high  Mr  species  consistent  with  the  intermolecular  cross-linking 
ability  of  AGE,  as  previously  described  (26).  In  contrast,  the  control  BSA 
and  aminoguanidine  BSA  preparations  did  not  have  these  high  Mr  forms 
(data  not  shown).  By  competitive  ELISA  (32),  performed  by  Dr.  P.  Foiles 
(Alteon,  Inc.,  Ramsey,  NJ),  using  a  synthetic  N-e-carboxymethyl  lysine 
(CML)  analog  as  the  standard,  the  CML  content  of  the  preparations 
(picomoles  of  CML  per  fig  BSA  ±  95%  confidence  interval)  was  82  ±  8.5 
for  AGE  BSA  from  glycolaldehyde  and  13  ±  1.4  for  AGE  BSA  from 
glucose  and  was  undetectable  (<1)  for  control  BSA  and  also  undetect¬ 
able  when  aminoguanidine  at  100  mM  was  coincubated  with  BSA  and 
glucose.  Unless  otherwise  indicated  in  the  text,  the  data  described  refer 
to  the  use  of  AGE  BSA  synthesized  from  glucose. 

Cell  culture 

Primary  cell  cultures  of  nonfetal  human  dermal  fibroblasts,  CRL-2097 
and  CRL-1474,  were  purchased  from  American  Type  Culture  Collection 
(Manassas,  VA).  Cells  were  maintained  in  MEM  supplemented  with  10% 
FBS  and  were  used  in  these  studies  between  passages  4  and  12.  The 
human  primary  cultures  of  dermal  fibroblasts,  designated  A35  (derived 


from  the  forearm  of  a  70-yr-old  male)  and  A305  (newborn  foreskin 
fibroblasts),  were  gifts  from  Dr.  S.  Goldstein,  Memorial  Veteran's  Hos¬ 
pital  (Little  Rock,  AR).  These  cells  were  maintained  in  DMEM  with 
15%  FBS. 

Cell  treatment 

After  trypsinization,  cells  were  grown  in  12-well  plates  for  5  days  in 
their  respective  media  with  FBS  until  they  were  confluent.  For  experi¬ 
ments  requiring  the  use  of  blocking  antibodies  to  RAGE  and  AGE,  cells 
were  grown  in  24-well  plates  under  the  same  conditions.  Cells  were  then 
incubated  in  their  respective  serum-free  medium  for  16  h  and  then 
treated  with  additions  on  day  0  under  serum-free  conditions,  using  fresh 
media.  Unless  otherwise  indicated  in  the  text,  the  conditioned  media 
were  not  changed  after  adding  the  treatments.  When  cells  were  tran¬ 
siently  treated  for  8  h  with  reagents,  they  were  washed  with  PBS,  and 
fresh  serum-free  medium  with  0.05%  BSA  was  added.  Cell  lysates  and 
conditioned  media  were  harvested  up  to  3  days  after  treatments.  For 
experiments  involving  the  use  of  blocking  antibodies  or  antioxidants, 
cells  were  preincubated  with  the  antibody  or  reagent  for  2  h  under 
serum-free  conditions  before  adding  AGE  or  control  BSA  directly  to  the 
medium. 

Total  RNA  isolation  and  analysis  by  quantitative 
real-time  RT-PCR 

Total  RNA  was  isolated  from  duplicate  wells  using  the  RNeasy  Mini¬ 
kit  from  QIAGEN  (Valencia,  CA)  and  was  then  analyzed  by  quantitative 
real-time  PCR  using  an  ABI  Prism  7700  Sequence  Detection  System  (PE 
Applied  Biosystems,  Foster  City,  CA).  This  system  is  based  on  the  ability 
of  the  5’-nuclease  activity  of  Taq  polymerase  to  cleave  a  nonextendable 
dual  labeled  fluorogenic  hybridization  probe  during  the  extension  phase 
of  PCR.  The  following  sequence-specific  primers  and  probes  for  human 
CTGF,  IGFBP-rPl,  IGFBP-3,  and  18S  ribosomal  RNA  were  designed 
using  Primer  Express  Software  1.0  (PE  Applied  Biosystems):  for  CTGF: 
forward,  5'-GAGGAAAACATTAAGAAGGGCAAA-3’;  reverse,  5'-CG- 
GCACAGGTCTTGATGA-3';  and  probe,  5'-6FAM-TTTGAGCTTTCTG- 
GCTGCACCAGTGT-TAMRA-3’;  for  IGFBP-rPl:  forward,  5'-GCG- 
GAAAATGGCAGACAATT-3';  reverse,  5'-CTTGAGGGTTTGGGTT- 
TCCA-3';  and  probe,  5'-6FAM-TTCGCTCCATGATGCGTTATCTGGG- 
TAMRA-3';  for  IGFBP-3:  forward,  5'-AAGGTGGGTAGGCACGTTG- 
TAG-3';  reverse,  5'-ATATCAAAACCCGAATCCACTTTACT-3';  and 
probe,  5'-6FAM-CAAAGCAATGTCTAGTCCCGGTATGTCCAA-TA- 
MRA-3';  for  18S:  forward,  5’-CGGCTACCACATCCAAGGAA-3';  re¬ 
verse,  5'-GCTGGAATTACCGCGGCT-3';  and  probe,  5'-6FAM-TGCT- 
GGCACCAGACTTGCCCTC-TAMRA-3'.  Primers  were  used  at  a  con¬ 
centration  of  200  nM  and  probes  at  100  nM  in  each  reaction.  Multiscribe 
reverse  transcriptase  and  AmpliTaq  Gold  polymerase  (PE  Applied  Bio¬ 
systems)  were  used  in  all  RT-PCR  reactions.  Each  RNA  sample  was 
analyzed  in  triplicate.  Relative  quantitation  of  18S  ribosomal  RNA  and 
human  CTGF,  IGFBP-rPl,  and  IGFBP-3  messenger  RNAs  (mRNAs)  was 
calculated  using  the  comparative  threshold  cycle  number  for  each  sam¬ 
ple  fitted  to  a  five-point  standard  curve  (ABI  prism  7700  User  Bulletin 
2,  PE  Applied  Biosystems).  The  standard  curve  was  constructed  using 
a  serial  dilution  of  total  RNA  extracted  from  human  cardiac  fibroblasts 
that  had  been  treated  with  TGFJ31  at  1  ng/ml  for  24  h.  Expression  levels 
were  normalized  to  18S  ribosomal  RNA  and  related  to  relevant  controls, 
as  indicated  in  the  text. 

Preparation  of  conditioned  media  and  cell  lysates 

Cell  lysate  samples  were  harvested  after  treatment,  by  washing  cells 
with  PBS,  then  adding  100  fil  cold  R1PA  lysis  buffer  [20  mM  Tris  (pH  8.0), 
150  mM  NaCl,  1%  Nonidet  P-40,  0.5%  sodium  deoxycholate,  and  0.1% 
SDS]  plus  a  protease  inhibitor  cocktail  (Roche  Molecular  Biochemicals, 
Mannheim,  Germany)  directly  to  each  well.  Plates  were  rocked  for  15 
min  at  4  C,  and  lysates  were  collected  and  centrifuged  at  10,000  X  g  for 
10  min  at  4  C.  The  supernatants  from  duplicate  wells  within  each  ex¬ 
periment  were  pooled  and  stored  at  -20  C  until  analysis.  The  total 
protein  concentration  was  determined  for  each  sample  by  use  of  the  DC 
Protein  Assay  reagent  (Bio-Rad  Laboratories,  Inc.,  Hercules,  CA).  Then 
20  fig  total  protein  were  loaded  per  lane  for  SDS-PAGE  analysis,  and  5 
fig  total  protein  were  added  to  each  ELISA  well  for  CTGF  quantitation. 
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Fig.  1.  Time-course  induction  ofCTGF  (IGFBP-rP2)  mRNA  by  AGE 
BSA.  Soluble  AGE  BSA  at  100  pg/ml  was  added  to  duplicate  wells  of 
confluent  primary  cultures  of  human  fibroblasts  (CRL-2097  cells) 
under  serum-free  conditions,  and  total  RNA  was  collected  at  the  time 
points  shown.  Control  BSA  at  the  same  concentration  was  added  to 
other  wells,  also  in  duplicate.  CTGF  mRNA  was  then  determined  by 
quantitative  RT-PCR  in  triplicate  for  each  sample,  as  described  in 
Materials  and  Methods.  The  CTGF  mRNA  level  is  expressed  in  ar¬ 
bitrary  units  normalized  to  18S.  A,  Time  course  up  to  24  h.  B,  Time 
course  from  1-3  days.  C,  Treatment  for  8  h  only  with  AGE  BSA  or 
control  BSA  at  100  pg/ml,  followed  by  RNA  analysis  on  days  1-3.  Data 
in  A-C  are  the  mean  ±  1  sd  from  three  independent  experiments.  *, 
P  <  0.05  vs.  the  respective  control  BSA, 


Dose  Response  at  48  h 


Reagent  added  (pg/mL) 

Fig.  2.  Dose-dependent  induction  of  CTGF  (IGFBP-rP2)  mRNA  by 
AGE  BSA.  Dose  response  with  AGE  BSA  or  control  BSA  treatment 
from  0-200  pg/ml  added  to  wells  of  confluent  human  fibroblasts 
(CRL-2097  cells),  with  RNA  collection  at  48  h.  CTGF  mRNA  was 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample,  and 
the  CTGF  mRNA  level  is  expressed  in  arbitrary  units  normalized  t 
18S.  Data  are  the  mean  i  1  sd  from  three  independent  experiments. 
*,  P  <  0.05,  **,  P  <  0.01  vs.  the  respective  control  BSA. 

Western  immunoblot  analysis 

Conditioned  medium  samples  were  separated  on  15%  nonreducing 
SDS-PAGE.  Proteins  were  electrotransferred  onto  nitrocellulose,  and 
membranes  were  blocked  with  5%  nonfat  dry  milk/TBS  with  0.1% 
(vol/vol)  Tween  20  for  1  h  at  22  C,  then  incubated  in  IGFBP-rP2  (CTGF) 
antiserum  at  T.1000  dilution  at  4  C  overnight.  After  incubation  of  mem¬ 
branes  with  a  horseradish  peroxidase  (HRP)-labeled  secondary  anti¬ 
body  for  1  h  at  22  C,  immunoreactive  proteins  were  detected  by  use  of 
enhanced  chemiluminescence  (NEN  Life  Science  Products,  Boston,  MA 

CTGF  (IGFBP-rP2)  ELISA 

The  anti-IGFBP-rP2  (CTGF)  antibody  (8800)  (25)  was  biotinylated  by 
incubating  protein  A  affinity-purified  8800  (0.8  pg)  with  150  pg  sulfo- 
NHS-LC  biotin  (Pierce  Chemical  Co.,  Rockford,  1L)  for  2  h  at  22  C, 
followed  by  separation  from  unreacted  biotin  through  a  size-fraction¬ 
ation  and  desalting  column  with  PBS  as  buffer  according  to  the  man¬ 
ufacturer's  instructions.  Affinity-purified  8800  antibody  (600  ng/ well)  in 
10  iriM  sodium  carbonate,  pH  9.6,  was  adsorbed  to  96-well  immuno- 
plates  (Nalge  Nunc  International,  Rochester,  NY)  by  a  20-h  incubation 
at  4  C.  The  unbound  antibody  was  removed,  and  the  wells  were  blocke  1 
by  incubation  with  PBS  and  0.1%  (vol/vol)  Triton  X-100  (buffer  A 
containing  10  g/liter  BSA  for  2  h  at  37  C,  then  washed  four  times  with 
buffer  A.  Purified  intact  recombinant  human  (rh)  lGFBP-rP2  (CTGF)  in 
buffer  A  and  1  g/liter  BSA  was  used  to  generate  standard  curves. 
Standard  and  samples  (100  pl/well)  were  incubated  in  duplicate  at  4  C 
for  20  h.  The  plate  was  washed,  then  incubated  with  biotinylated  IGFBP- 
rP2  (CTGF)  antibody  (80  ng/ well)  for  20  h  at  4  C .  After  washing,  the  plate 
was  incubated  with  streptavidin-HRP  (1 :500)  for  30  min  at  22  C,  followed 
by  substrate  [0.1  g/liter  3,3',5,5'-tetramethylbenzidine  in  0.2  m  sodium 
acetate  (pH  6)  containing  0.06%  (wt/wt)  H202J  for  30  min  at  22  C.  The 
reaction  was  stopped  by  the  addition  of  2  m  H2S04,  and  the  absorbance 
was  measured  at  450  nm  using  a  microplate  reader.  The  interassa 
coefficient  of  variation  was  8.1%  for  the  middle  concentration  (10  ng 
well)  of  rhlGFBP-rP2  (CTGF)  standard  used.  No  cross-reactivity  wa> 
detected  with  1  pg/ well  purified  rhlGFBP-3,  rhlGFBP-rPl  (mac  25),  or 
rhIGFBP-rP3  (Nov  H;  not  shown). 

CTGF  (IGFBP-rP2)  cell  association  assay 

To  determine  whether  increases  in  rhIGFBP-rP2  (CTGF)  in  the  whole 
cel!  lysates  after  AGE  treatment  are  due  to  increases  in  rhIGFBP-rP2 
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washing  twice  with  PBS  at  4  C,  biotinylated  rhIGFBP-rP2  (CTGF)  an¬ 
tibody  (800  ng/well)  together  with  streptavidin-HRP  (1:500)  was  added 
for  2  h  at  22  C  in  PBS  and  0.1%  BSA.  In  some  wells  the  streptavidin-HRP 
(1:500)  was  added  in  the  absence  of  primary  antibody  to  determine 
nonspecific  binding  and  endogenous  cellular  peroxidase  activity.  After 
two  further  (gentle)  PBS  washes,  developing  substrate  was  added,  and 
absorbance  was  read  as  described  for  the  IGFBP-rP2  (CTGF)  ELISA 
above. 

Densitometric  analysis 

To  quantify  the  relative  induction  of  CTGF  after  Western  immuno- 
blots,  densitometric  measurement  was  performed  using  GS-700  Imaging 
Densitometer  with  Mutli- Analyst  Software  (Bio-Rad  Laboratories,  Inc.). 

Statistical  analysis 

Results  are  expressed  as  the  mean  ±  sd  or  the  mean  ±  sem  as 
indicated  in  the  text.  All  data  were  pooled  from  three  or  four  indepen¬ 
dent  experiments,  each  performed  in  triplicate.  Differences  between 
groups  were  assessed  using  Student's  two-tailed  paired  f  test  in  Excel 
98  (Microsoft  Corp,,  Redmond,  WA).  P  <  0.05  was  considered  statisti¬ 
cally  significant. 


IGFBP-rPI 

(mac-25) 


CTGF 

(IGFBP-rP2) 


IGFBP-3 


Fig.  3.  Generalizabilityofthe  AGE  BSA  effect  on  CTGF  (IGFBP-rP2) 
mRNA  to  multiple  sources  and  donors  of  human  skin  fibroblasts,  and 
specificity  of  the  effect  to  CTGF  (IGFBP-rP2).  A,  Soluble  AGE  BSA  or 
control  BSA  at  100  /xg/ml  was  added  to  duplicate  wells  of  confluent 
primary  cultures  of  human  skin  fibroblasts  from  multiple  donors 
under  serum-free  conditions,  and  total  RNA  was  collected  at  the  time 
i.nints  shown.  IGFBP-rP2  (CTGF)  mRNA  was  then  determined  by 
quantitative  RT-PCR  in  triplicate  for  each  sample.  The  IGFBP-rP2 
(CTGF)  mRNA  level  is  expressed  in  arbitrary  units,  normalized  to 
18S.  The  donor  age  and  skin  site  of  the  fibroblasts  studied  are :  7-yr-old 
male  abdomen  (CRL-1474  cells),  70-yr-old  male  forearm  (A35),  and 
newborn  foreskin  (A305).  Data  are  the  mean  ±  1  so  from  three  in¬ 
dependent  experiments.  B,  Soluble  AGE  BSA  or  control  BSA  at  100 
Hg/ml  or  TGF/31  at  1  ng/ml  was  added  to  duplicate  wells  of  confluent 
primary  cultures  of  human  fibroblasts  (CRL-2097)  under  serum-free 
conditions.  Total  RNA  was  collected  at  48  h,  and  CTGF  (IGFBP-rP2) 
mRNA,  IGFBP-rPI  (mac-25)  mRNA,  and  IGFBP-3  mRNA  levels  were 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample.  The 
■RNA  levels  are  expressed  in  arbitrary  units.  Data  are  the  mean  ± 
•i  so  from  three  independent  experiments.  *,  P  <  0.05;  **,  P  <  0.01 
(us.  the  respective  control  BSA). 


(CTGF)  at  a  cell-associated  site  either  on  the  cel!  surface  or  in  the  ex¬ 
tracellular  matrix,  rather  than  intraceilularly,  2097  fibroblasts  in  con¬ 
fluent  monolayer  were  treated  under  serum-free  conditions  with  AGE 
or  control  BSA  (each  at  100  fig /ml)  for  3  days  in  replicates  of  four.  After 


Results 

To  determine  whether  CTGF  mRNA  steady  state  levels  are 
up-regulated  by  AGE  in  primary  cultures  of  human  dermal 
fibroblasts,  confluent  monolayers  of  CRL-2097  fibroblasts 
were  treated  with  soluble  AGE  BSA  under  serum-free  con¬ 
ditions.  In  response  to  100  pig /ml  AGE  BSA,  an  increase  in 
CTGF  mRNA  was  initially  detectable  after  8  h  of  AGE  treat¬ 
ment  (Fig.  1  A),  and  a  progressive  increase  occurred  over  the 
3-day  time  course  of  the  study  (Fig.  IB).  In  contrast,  no 
change  in  CTGF  mRNA  over  time  was  seen  with  the  same 
concentration  of  control  BSA  (Fig.  1,  A  and  B).  These  results 
were  confirmed  by  Northern  analysis  (not  shown).  Transient 
treatment  of  cells  with  AGE  for  8  h,  followed  by  washing  of 
cells  with  PBS  and  replacement  with  fresh  serum-free  me¬ 
dium,  also  caused  a  progressive  increase  in  CTGF  mRNA 
over  subsequent  days  (Fig.  1C),  with  a  clear  persistence  of  the 
effect  for  at  least  72  h  after  AGE  addition. 

A  dose-response  study  with  AGE  BSA  from  0-200  pig/ml, 
with  continuous  AGE  treatment  and  RNA  collection  at  48  h 
after  initial  AGE  addition,  showed  that  increases  in  CTGF 
mRNA  were  significant  using  10  pig/ml  or  more  AGE  BSA, 
whereas  increasing  concentrations  of  control  BSA  did  not 
produce  any  change  in  CTGF  mRNA  compared  with  no 
addition  of  BSA  (Fig.  2). 

Primary  human  skin  fibroblasts  from  other  donors  were 
studied  to  assess  whether  the  changes  seen  in  CTGF  mRNA 
in  human  foreskin  fibroblast  CRL-2097  cells  are  generalizable 
to  human  dermal  fibroblasts.  When  these  other  cells  were 
treated  with  100  ng/ml  AGE  BSA,  increases  in  CTGF  mRNA 
were  observed  48  h  after  treatment,  compared  with  the  con¬ 
trol  BSA,  in  all  of  the  fibroblast  cell  lines  studied  whether  they 
were  derived  from  neonatal  foreskin  (A305),  a  child's  abdo¬ 
men  (CRL-1474),  or  the  forearm  of  a  mature  adult  (A35; 
Fig.  3A). 

To  address  whether  the  changes  seen  in  CTGF  mRNA 
were  relatively  specific,  other  members  of  the  IGFBP  super¬ 
family  were  analyzed  in  the  same  cell  system.  In  contrast  to 
the  observed  regulation  of  CTGF  mRNA  by  AGE,  IGFBP-rPI 
(mac  25)  mRNA  was  not  up-regulated  by  AGE  BSA  (Fig.  3B). 
IGFBP-3  is  the  predominant  IGFBP  present  in  human  fibro- 
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Fig.  4.  The  AGE  effect  on  CTGF  (IGFBP-rP2)  occurs  through  non- 
enzymatic  glycosylation  of  BSA,  is  blocked  by  an  anti-AGE-neutral- 
izing  antibody,  is  partially  mediated  through  the  AGE  receptor. 


blast  conditioned  medium  (33),  and  its  mRNA  also  was  not 
increased  by  AGE  (Fig.  3B).  In  comparison  with  the  lack  of 
effect  of  AGE  treatment,  TGF/31  treatment  modestly  up- 
regulated  IGFBP-rPl,  and  possibly  IGFBP-3  mRNA,  at  48  1  > 
(Fig.  3B),  as  previously  described  (33,  34).  Also  consistent 
with  previous  observations  in  cultured  human  fibroblasts 
(35),  a  pronounced  up-regulation  of  CTGF  mRNA  occurred 
after  TGF/31  addition  (Fig.  3B). 

Formation  of  products  of  nonenzymatic  glycosylation  was 
inhibited  by  the  dihydrazine  compound,  aminoguanidine 
(13).  When  cells  were  treated  with  BSA  that  had  been  coin¬ 
cubated  for  10  weeks  with  both  glucose  and  aminoguanidine 
as  described  in  Materials  and  Methods,  no  increase  in  CTGF 
mRNA  was  observed  compared  with  control  BSA  treatmen 
alone  or  with  serum-free  medium  without  any  addition 
(Fig.  4A).  This  result  confirms  that  the  active  component 
in  the  AGE  reagent  used  is  a  product  of  nonenzymatic 
glycosylation. 

To  determine  whether  early  or  advanced  glycosylation 
end  products  are  mediating  the  effect  on  CTGF  in  this  cell 
system,  cells  were  preincubated  with  anti-AGE  IgG  before 
addition  of  the  AGE  reagent.  Using  the  anti-AGE  antibody, 
the  AGE  induction  of  CTGF  mRNA  was  inhibited,  on  the 
average,  by  86.2%  (Fig.  4B).  As  this  antibody  is  specific  t. 
AGE  and  it  does  not  bind  to  amadori  products  (26),  which 
are  early  products  of  nonenzymatic  glycosylation,  these  re¬ 
sults  show  that  AGE  is  the  active  component  in  the  synthe¬ 
sized  reagent  responsible  for  increasing  CTGF  in  these 
studies. 

AGE  may  bind  to  and  activate  one  or  more  of  the  defined 
cell  surface  receptors  for  AGE  (8).  The  AGE  receptor  subtype, 
termed  RAGE,  has  recently  been  shown  to  be  present  on  the 
surface  of  human  fibroblasts  (27),  and  in  some  cell  systems 
the  induction  of  growth  factors  by  AGE  has  been  shown  t 
be  mediated  by  RAGE  (36).  When  cells  were  preincubated 
with  a  blocking  antibody  of  RAGE  activation  by  AGE  ligand, 
the  induction  of  CTGF  mRNA  by  AGE  was  attenuated  by  the 


RAGE,  and  is  not  inhibited  by  oxygen  free  radical  scavengers.  A, 
Soluble  AGE  BSA  or  control  BSA  at  100  (xg/ml,  or  no  treatment,  was 
added  to  duplicate  wells  of  confluent  primary  cultures  of  human 
fibroblasts  (CRL-2097  cells)  under  serum-free  conditions.  In  other 
wells  BSA  was  added  that  had  previously  been  coincubated  with 
glucose  and  aminoguanidine  before  dialysis,  as  described  in  Materia  '■  • 
and  Methods.  Total  RNA  was  collected  at  48  h,  and  CTGF  mRNA  w« .' 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample.  The 
CTGF  mRNA  level  is  expressed  in  arbitrary  units.  Data  are  the 
mean  ±  1  sd  from  three  independent  experiments.  **,  P  <  0.01  os.  all 
other  treatments.  B,  Wells  were  preincubated  with  anti-AGE  poly¬ 
clonal  neutralizing  IgG,  anti-RAGE  polyclonal  neutralizing  IgG  (each 
at  100  pg/ml  IgG),  or  100  p.g/ml  normal  rabbit  serum  (NRS)  IgG  for 
2  h.  Soluble  AGE  BSA  or  control  BSA  at  100  pg/ml  was  then  added 
to  the  wells.  Total  RNA  was  collected  at  48  h,  and  IGFBP-rP2  (CTGF) 
mRNA  was  determined  by  quantitative  RT-PCR  in  triplicate  for  each 
sample.  Data  are  the  mean  ±  1  SD  from  four  independent  experiments. 
*,  P  <  0.05;  **,  P  <  0.01  (us.  AGE  BSA  added  alone).  C,  Duplicate  wel’  - 
of  human  fibroblasts  under  serum-free  conditions  were  incubate  i 
with  serum-free  medium  alone,  20  mM  N- acetyl  cysteine,  or  100  mil 
dimethylsulfoxide  (DMSO)  for  2  h.  Soluble  AGE  BSA  or  control  BSA 
at  100  pg/ml  was  then  added  to  the  wells.  Total  RNA  was  collected  at 
48  h,  and  CTGF  (IGFBP-rP2)  mRNA  was  determined  by  quantitative 
RT-PCR  in  triplicate  for  each  sample.  The  mRNA  levels  are  expressed 
in  arbitrary  units.  Data  are  the  mean  ±  1  sd  from  three  independent 
experiments. 
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Fig.  5.  AGE  induction  of  CTGF  (IGFBP-rP2)  mRNA  is  independent  of 
endogenous  TGF01  activity.  Duplicate  wells  of  confluent  primary  cul¬ 
tures  of  human  fibroblasts  (CRL-2097  cells)  under  serum-free  conditions 
were  incubated  with  AGE  BSA  or  control  BSA  at  100  jig/ml  or  with 
TGF/31  at  1  ng/ml  for  24  h  (A)  or  48  h  (B),  and  in  some  wells  a  chicken 
antihuman  TGF/31-neutralizing  antibody  (200  ng/ml)  was  added  simul¬ 
taneously  as  indicated.  Total  RNA  was  collected  at  24  h  (A)  and  48  h  (B), 
and  CTGF  mRNA  was  determined  by  quantitative  RT-PCR  in  triplicate 
for  each  sample.  The  mRNA  levels  are  expressed  in  arbitrary  units.  Data 
are  the  mean  ±  1  SD  from  three  independent  experiments  in  A  and  B. 
**,  P  <  0.01  vs.  TGF/31  added  without  neutralizing  antibody. 

anti-RAGE  IgG  by  64.1%,  on  the  average  (Fig.  4B).  Higher 
concentrations  of  anti-RAGE  IgG  did  not  have  any  additional 
effect  (not  shown).  In  contrast,  the  AGE  effect  was  not  sig¬ 
nificantly  inhibited  by  normal  rabbit  serum  IgG  (Fig.  4B). 
These  results  show  that  RAGE  is  at  least  partly  mediating  the 
AGE  induction  of  CTGF  mRNA  in  the  fibroblasts. 

As  reactive  oxygen  (RO)  species  are  commonly  generated 
in  cells  after  activation  of  AGE  receptors  by  its  ligand  (9, 37), 
an  effect  of  inhibiting  RO  species  formation  during  AGE 


treatment  was  studied.  Preincubation  of  the  fibroblasts  with 
the  antioxidants  dimethylsulfoxide  or  N-acetyl  cysteine, 
however,  did  not  inhibit  the  increases  in  CTGF  mRNA  (Fig. 
4C).  These  results  imply  that  RO  species  are  unlikely  to  play 
a  role  in  the  observed  AGE  effect  on  CTGF. 

A  potential  role  for  autocrine  TGF/31  in  CTGF  mRNA 
induction  by  AGE  was  then  examined.  TGF/31  is  a  potent 
inducer  of  CTGF  gene  expression  in  this  cell  system  (Fig.  3A), 
and  in  addition,  AGE  may  induce  TGF/31  mRNA  and  protein 
in  some  cells  (13).  Induction  of  CTGF  mRNA  by  rhTGF/31 
added  to  the  cultured  fibroblasts  was  fully  inhibited  by  a 
TGF/31-neutralizing  antibody  at  24  h  (Fig.  5A)  and  48  h  (Fig. 
5B).  In  contrast,  when  the  same  antibody  was  added  under 
the  same  conditions  in  parallel  wells,  no  significant  inhibition 
of  the  CTGF  mRNA  increase  induced  by  AGE  occurred  (Fig. 
5,  A  and  B),  indicating  that  the  effect  of  AGE  is  TGF/31 
independent  in  this  cell  system. 

The  fibroblast  cellular  protein  from  CRL-2097  skin  fibro¬ 
blasts  was  then  analyzed  to  determine  whether  AGE  treat¬ 
ment  causes  increases  in  CTGF  protein  as  well  as  increases 
in  steady  state  CTGF  mRNA  levels.  By  Western  immunoblot 
after  SDS-PAGE,  using  a  polyclonal  IGFBP-rP2  (CTGF)  an¬ 
tiserum  (25),  CTGF  steady  state  protein  levels  over  days  1-3 
in  the  conditioned  medium  were  increased  in  response  to 
AGE  BSA,  compared  with  control  BSA  treatment  (Fig.  6A). 
A  progressive  increase  in  intact  CTGF  as  well  as  previously 
described  lower  Mr  immunoreactive  forms,  at  approximately 
14  and  20  kDa  (38),  occurred  (Fig.  6A).  High  Mr  immuno¬ 
reactive  material  (>80  kDa)  was  also  more  prominent  in  the 
AGE-treated  medium,  which  may  include  CTGF  covalently 
cross-linked  by  AGE.  All  of  these  increases  were  more 
marked  using  AGE  BSA  synthesized  from  glycolaldehyde 
compared  with  AGE  BSA  synthesized  from  glucose  (not 
shown).  Using  densitometric  analysis  from  three  indepen¬ 
dent  experiments,  the  intact  CTGF  in  the  medium  was  in¬ 
creased  by  AGE  compared  with  control  BSA  treatment 
(mean  ±  sem)  by  3.6  ±  1.1-fold  on  day  1,  8.0  ±  1.3-fold  on 
day  2,  and  14.5  ±  3.1-fold  on  day  3  (P  <  0.05  for  all  days  of 
AGE  treatment  compared  with  control  BSA  treatment). 

As  CTGF  is  an  extracellular  matrix  and  cell-associated 
signaling  protein  and  also  exists  in  cell  media  (38),  analysis 
of  whole  cell  lysates  for  CTGF  protein  after  AGE  treatment 
was  performed.  Western  immunoblot  analysis  of  the  whole 
cell  lysates  after  SDS-PAGE  showed  that  intact  CTGF  was 
increased  by  AGE  treatment  from  day  3  compared  with 
control  BSA  treatment  (Fig.  6B).  There  was  no  CTGF  frag¬ 
ment  or  high  Mr  immunoreactive  material  observed  in  the 
lysates  (not  shown).  Densitometric  analysis  of  CTGF  from 
lysates  from  four  independent  experiments  (mean  ±  sem) 
gave  the  following  results  for  fold  change  with  AGE  treat¬ 
ment  compared  with  control  BSA  treatment:  0.89  ±  0.33  on 
day  1,  0.97  ±  0.17  on  day  2,  and  1.53  ±  0.25  on  day  3  (P  < 
0.05  for  day  3  only  for  AGE  compared  with  control  BSA  on 
the  respective  day). 

Considering  that  the  increase  in  CTGF  in  whole  cell  lysates 
on  day  3  after  AGE  treatment  was  relatively  modest,  changes 
in  cell  lysate  CTGF  were  further  determined  by  a  CTGF 
ELISA,  as  described  in  Materials  and  Methods.  This  assay  can 
measure  endogenous  intact  CTGF,  which  is  present  in  whole 
cell  lysates,  but  due  to  a  lack  of  parallelism  with  the  intact 
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Fig.  6.  CTGF  (IGFBP-rP2)  protein  up- 
regulation  by  AGE  BSA  in  conditioned 
media  and  whole  cell  lysates.  Soluble 
AGE  BSA  or  the  respective  control  BSA 
was  added  to  duplicate  wells  of  conflu¬ 
ent  primary  cultures  of  human  fibro¬ 
blasts  (CRL-2097  cells)  under  serum- 
free  conditions.  After  24-72  h,  as 
indicated,  conditioned  media  and  whole 
cell  lysates  were  collected  and  subjected 
to  SDS-PAGE  and  then  Western  immu- 
noblotted  using  IGFBP-rP2  (CTGF)  an¬ 
tiserum,  as  described  in  Materials  and 
Methods.  A,  Conditioned  medium;  lane 
2,  unconditioned  serum-free  medium 
loaded  alone.  B,  Whole  cell  lysates,  with 
20  pg  total  protein  loaded  in  each  sam¬ 
ple  lane.  In  A  and  B  one  representative 
immunoblot  is  shown  from  three  and 
four  independent  experiments,  respec¬ 
tively,  with  each  experiment  showing 
equivalent  results. 
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B:  CTGF  (!GFBP-rP2)  in  whole  cell  lysates 
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rhCTGF  used  as  the  standard,  it  cannot  be  used  to  accurately 
measure  the  14-kDa  CTGF  fragment  (Fig.  7A),  which  is 
present  in  the  fibroblast-conditioned  media  (Fig.  6A).  Con¬ 
sistent  with  the  Western  immunoblots  of  cell  lysates  (Fig.  6B), 
the  ELISA  also  showed  that  AGE  treatment  reproducibly 
increased  CTGF  in  the  fibroblast  whole  cell  lysates  on  day  3 
(Fig.  7B).  Thus,  in  contrast  to  the  increases  in  CTGF  protein 
observed  in  the  conditioned  media,  there  was  no  increase  in 
CTGF  protein  in  the  first  2  days  after  AGE  treatment  in  the 
whole  cell  lysates  compared  with  control,  and  there  was  only 
a  modest  and  delayed  increase  in  CTGF  in  the  lysates,  which 
was  much  less  striking  than  the  increases  in  CTGF  protein 
observed  in  the  conditioned  media  (Fig.  6A). 

To  determine  whether  the  increase  in  CTGF  in  the  whole 
cell  lysates  seen  by  day  3  of  AGE  treatment  was  accessible  to 
the  extracellular  environment,  a  cell  association  assay  for 
CTGF  was  performed,  as  described  in  Materials  and  Methods. 
This  assay  uses  binding  of  a  biotinylated  CTGF  primary 
antibody  to  endogenous  CTGF  protein,  followed  by  antibody 
detection  using  a  streptavidin-HRP  system.  As  no  plasma 
membrane-permeabilizing  agents  were  used  in  the  protocol, 
the  specific  signal  detected  by  the  CTGF  primary  antibody 
was  due  to  CTGF  present  on  the  cell  surface  or  in  the  ex¬ 
tracellular  matrix,  rather  than  CTGF  present  in  an  intracel¬ 
lular  compartment.  As  shown  in  Fig.  7C,  at  72  h  AGE  at  100 
pg/ml  specifically  increased  the  absorbance  signal  com¬ 
pared  with  control  (P  <  0.05  for  analysis  of  combined  data 
from  four  independent  experiments).  In  parallel  wells,  under 


the  same  conditions  of  confluent  cell  monolayers  in  serum- 
free  media,  cell  number  determined  by  hemocytometer 
counting  and  trypan  blue  exclusion  was  not  changed  by  AGE 
treatment  compared  with  control  BSA  (not  shown).  Thus, 
these  results  indicate  that  at  72  h,  AGE  treatment  increases 
cell-associated  CTGF  compared  with  BSA  control  treatment 
alone. 

Discussion 

This  study  describes  the  up-regulation  of  CTGF  mRNA 
and  protein  by  treatment  of  human  skin  fibroblasts  with 
advanced  glycosylation  end  products.  The  effect  of  AGE  on 
CTGF  induction  was  caused  by  products  of  nonenzymatic 
glycosylation,  as  coincubation  of  aminoguanidine,  an  inhib¬ 
itor  of  nonenzymatic  glycosylation,  with  glucose  and  BSA 
did  not  have  an  effect  on  CTGF  mRNA,  nor  was  an  effect  seen 
with  increasing  control  BSA  alone.  The  up-regulation  of 
CTGF  in  this  cell  model  was  mediated  by  AGE  rather  than 
by  earlier  products  of  nonenzymatic  glycosylation,  such  as 
amadori  products,  as  the  use  of  an  antibody  specific  for  AGE 
that  does  not  bind  amadori  products  inhibited  the  induction 
of  CTGF  gene  expression.  The  effect  was  at  least  partly  me¬ 
diated  through  the  AGE  receptor  known  as  RAGE,  as  an 
anti-RAGE  antibody  significantly  attenuated  the  effect  of 
AGE  on  CTGF. 

The  up-regulation  of  CTGF  by  AGE  appears  to  be  specific 
for  CTGF  and  is  generalizable  to  skin  fibroblasts  from  dif- 
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A:  CTGF  (IGFBP-rP2)  ELISA  and  parallelism  of 
samples  with  intact  rhCTGF  (IGFBP-rP2)  standard 


B:  CTGF  (IGFBP-rP2)  in  whole  cell  lysates 
measured  by  ELISA 


C:  Cell  Associated  CTGF  (IGFBP-rP2)  at  day  3 


primary  +  _  + 

antibody 

secondary  +  +  +  + 

antibody 

Fig.  7.  Whole  cell  lysate  and  cell-associated  increases  in  CTGF 
(IGFBP-rP2)  after  AGE  BSA  treatment.  A,  CTGF  (IGFBP-rP2) 
ELISA  as  described  in  Materials  and  Methods,  showing  the  standard 
curve  generated  for  intact  CTGF  (IGFBP-rP2;  □)  compared  with  the 
curves  generated  with  a  14-kDa  fragment  of  CTGF  (IGFBP-rP2;  A), 


fering  sources  and  passage  number.  In  each  of  the  four  fi¬ 
broblast  cell  lines  studied,  AGE  up-regulated  CTGF.  In  the 
cell  line  most  extensively  studied,  CRL-2097,  CTGF  was  reg¬ 
ulated  by  AGE  in  early  passages  (passage  4)  and  also  at  later 
passages  (passage  12).  In  contrast  to  effects  on  CTGF,  the  two 
other  members  of  the  IGFBP  superfamily  that  were  studied, 
IGFBP-3  and  IGFBP-rPl,  were  not  up-regulated  by  AGE. 
Further  studies  will  be  required  to  determine  whether  AGE 
affects  other  members  of  the  CCN  (CTGF,  Cyrbl,  Nov) 
family. 

The  concentrations  of  AGE  BSA  used  in  these  experiments 
approximate  those  used  in  vitro  in  other  studies  exploring 
biological  effects  of  AGE  on  cells  (13,  27).  Although  there  is 
no  universal  standard  method  for  measuring  specific  AGE 
components  at  this  time,  and  the  AGE  antibodies  used  in 
assays  measuring  AGE  differ  (39),  the  AGE  BSA  concentra¬ 
tions  studied  are  in  the  broad  range  for  AGE  concentrations 
found  in  diabetic  serum  (40). 

Few  AGE  components  have  been  defined  biochemically  to 
date,  and  the  specific  end-product(s)  that  might  be  mediating 
the  effect  on  CTGF  was  not  identified  in  this  work.  AGE  adducts 
existing  in  diabetic  tissues  that  have  been  shown  to  signal 
through  AGE  receptors  include  mainly  CML  (28)  and  imida¬ 
zoline-based  products  (41).  Considering  that  CML  adduct  is  a 
ligand  for  RAGE  (28),  that  our  AGE  reagent  contained  CML, 
and  that  at  least  part  of  the  AGE  effect  on  CTGF  has  been  shown 
to  be  mediated  through  RAGE,  it  is  plausible  that  CML  adducts 
are  one  of  the  AGE  components  operative  in  this  study.  In  the 
current  work,  when  AGE  BSA  synthesized  from  glycolalde- 
hyde  was  studied  in  experiments  where  AGE  BSA  synthesized 
from  glucose  was  also  used  in  treatments,  each  at  the  same  AGE 
concentration  of  100  /ig/ml  BSA  with  mRNA  measurements 
over  3  sequential  days,  the  induction  of  CTGF  mRNA  by  these 
reagents  did  not  differ  (data  not  shown).  As  these  two  AGE 
reagents  contain  differing  amounts  of  CML  (as  described  in 
Materials  and  Methods ),  the  CML  adduct  cannot  be  the  only 
explanation  for  the  observed  AGE  effect  on  CTGF  mRNA  in 
these  AGE  preparations.  Further  experiments  with  pure  CML 
and  other  pure  AGE  adducts,  when  available,  will  be  required 
to  address  this  issue. 

A  number  of  subtypes  of  cell  surface  receptor  bind  AGE 
specifically  and  are  responsible  for  mediating  multiple  cel¬ 
lular  effects  of  AGE  (42).  These  receptors  exist  in  four  main 
classes:  RAGE,  AGE-R1,  AGE-R2,  and  AGE-R3  (8).  In  the 
diabetic  environment,  the  increased  AGE  present  is  hypoth¬ 
esized  to  bind  and  activate  AGE  receptors,  and  in  some 
studies,  the  induction  of  growth  factors  by  AGE  has  been 
shown  to  be  mediated  by  AGE  receptors,  including  RAGE 
(43).  Our  studies  indicate  that  RAGE  is  responsible  for  me¬ 
diating  at  least  part  of  the  effect  of  AGE  on  CTGF  mRNA.  The 


endogenous  intact  CTGF  present  in  2097  cell-conditioned  medium 
(0),  and  2097  cell  whole  cell  lysates  (O).  B,  Results  of  analysis  of 
CTGF  in  the  whole  cell  lysates  by  CTGF  ELISA  after  treatment  up 
to  72  h  with  AGE  or  control  BSA,  each  at  100  pg/ml.  Data  are  the 
mean  ±  1  sd  of  four  independent  experiments.  *,P  <  0.05  vs.  control 
BSA  on  day  3.  C,  Results  showing  cell-associated  CTGF  after  AGE 
treatment  compared  with  control  BSA  (100  Mg/nd)  at  72  h,  using 
biotinylated  anti-CTGF  IgG  primary  antibody  followed  by  HRP- 
labeled  secondary  antibody  or  the  secondary  antibody  alone,  as  de¬ 
scribed  in  Materials  and  Methods.  Data  are  the  mean  ±  1  SD  of  four 
independent  experiments.  *,  P  <  0.05  vs.  all  other  groups. 
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possibility  that  other  AGE  receptors  might  also  contribute  to 
these  effects  is  not  excluded  by  this  work. 

A  role  for  growth  factors  in  contributing  to  chronic  dia¬ 
betes-related  end-organ  complications,  particularly  vascular 
endothelial  growth  factor  (VEGF),  TGF/31,  IGF-I,  and  plate- 
let-derived  growth  factor,  is  under  increasing  evaluation, 
and  a  potential  role  for  CTGF  in  chronic  diabetic  complica¬ 
tions  is  emerging.  CTGF  is  a  potent  profibrotic  agent  (18, 44), 
which  is  reflected  in  its  ability  to  induce  ECM  components 
and  increase  fibroblast  DNA  synthesis  (18)  and  to  promote 
angiogenesis  (20,  21).  CTGF  mRNA  levels  are  up-regulated 
in  many  chronic  disease  states  where  fibrosis  is  prominent 
(22-24).  Two  separate  studies  involving  renal  mesangial  cells 
and  differing  diabetic  rat  models  recently  reported  that 
CTGF  gene  expression  (45)  as  well  as  protein  (46)  are  in¬ 
creased  in  mesangial  cells  after  exposure  to  high  glucose  and 
in  vivo  in  diabetic  rat  kidneys.  Immunohistochemical  studies 
of  kidney  tissue  in  human  end-stage  renal  disease  showed 
increased  CTGF  protein  in  diabetic  kidneys  as  well  as  other 
nephropathies  (47),  and  CTGF  mRNA  is  markedly  increased 
in  advanced  atheromatous  lesions  (48). 

This  is  the  first  report  of  CTGF  induction  by  advanced  gly- 
cosylation  end  products,  and  it  provides  a  potentially  critical 
linkage  among  AGE,  growth  factors,  and  fibrosis.  AGE  induc¬ 
tion  of  growth  factors  and  cytokines  has  been  described  for 
VEGF,  TGF/31,  IGF-I  and  platelet-derived  growth  factor,  TNFa, 
IL-1/3,  and  IL-6  (3)  mainly  in  various  endothelial  and  mesen¬ 
chymal  cultured  cells  and  in  some  cases  by  AGE  administration 
in  vivo  (15).  CTGF  appears  to  fit  well  into  this  group  of  proin- 
flammatory  and/or  profibrotic  proteins. 

The  striking  persistent  effect  over  3  days  of  AGE  on  CTGF 
mRNA  even  after  transient  treatment  suggests  that  regulation 
of  CTGF  by  the  AGE  reagent  tested  is  complex  and  may  involve 
multiple  interrelated  intracellular  signals.  The  cellular  mecha¬ 
nism  of  AGE  induction  of  CTGF  mRNA  was  not  defined  in  this 
study.  RO  species  were  not  implicated,  because  antioxidants 
were  ineffective  in  inhibiting  AGE  induction  of  CTGF.  TGF01 
is  a  known  potent  inducer  of  CTGF  gene  expression,  and  CTGF 
is  implicated  as  a  downstream  mediator  of  TGF/31  effects  (49), 
particularly  in  fibrosis  (44).  We  were  unable  to  show,  however, 
that  TGF/31  is  a  mediator  in  the  AGE  induction  of  CTGF.  In  the 
current  work,  both  the  early  time  course  of  initial  induction  of 
CTGF  mRNA  by  AGE  at  8  h  as  well  as  the  inability  of  TGF/31- 
neutralizing  antibodies  to  inhibit  AGE  induction  of  CTGF  sug¬ 
gest  that  AGE  is  operating  through  mechanisms  that  are  inde¬ 
pendent  of  TGF/31.  Although  studies  involving  the  use  of 
exogenously  added  neutralizing  antibodies  have  potential  lim¬ 
itations  in  assessing  the  role  of  endogenous  protein  bioactivity, 
that  total  TGF/31  measurements  in  conditioned  media  mea¬ 
sured  by  TGF/31  ELISA  (Promega  Corp.,  Madison,  WI)  in  these 
cells  were  not  increased  by  AGE  compared  with  control  BSA 
treatment  (data  not  shown)  is  also  supportive  that  TGF/31  is  not 
a  mediator  of  AGE  induction  of  CTGF  in  this  work.  These 
results  contrast  with  studies  describing  TGF/3-dependent  ef¬ 
fects  of  glucose  on  CTGF  up-regulation  in  human  mesangial 
cells  (45, 46),  but  are  consistent  with  other  studies  showing  that 
various  reagents  can  potently  up-regulate  CTGF  mRNA  inde¬ 
pendently  of  TGF/31  (50). 

In  human  fibroblast  primary  cultures,  CTGF  exists  at  very 
low  levels  in  conditioned  medium  and  is  often  present  in  low 


Mr  fragment  forms,  which  may  also  have  bioactivity  (38).  That 
intact  CTGF  was  readily  detectable  in  the  medium  after  AGE 
treatment  may  be  partly  related  to  posttranslational  modifica¬ 
tion  of  CTGF,  with  cross-linking  of  CTGF  protein  by  AGE  into 
a  high  Mr  immunoreactive  form  and  redistribution  of  CTGF 
from  a  cell-associated  site  into  the  conditioned  medium.  In 
addition  to  the  CTGF  increases  in  the  conditioned  medium  and 
consistent  with  the  progressive  increase  in  CTGF  mRNA  after 
AGE  treatment,  AGE  caused  increases  in  intact  CTGF  in  whole 
cell  lysates  at  72  h.  Further  analysis  showed  that  the  CTGF 
increase  in  the  lysates  included  protein  that  was  cell  associated 
and  in  a  site  accessible  to  the  extracellular  environment.  To  what 
extent  the  bioactivity  of  CTGF  protein  is  affected  by  its  presence 
in  the  medium  compared  with  a  cell-associated  site  is  an  im 
portant  issue  for  future  study  of  CTGF  bioactivity. 

There  is  a  rationale  to  potentially  link  AGE  effects  and 
diabetic  complications  with  the  induction  of  CTGF  in  skin 
and,  by  association,  with  pathology  in  other  tissues.  A  feature 
commonly  present  in  human  diabetes,  even  in  late  childhood 
and  adolescence,  is  skin  thickening  and  contracture  (51), 
termed  diabetic  sclerosis.  This  process  affects  mainly  the 
distal  extremities  and  is  characterized  by  expansion  of  ex¬ 
tracellular  matrix,  fibroblast  proliferation,  and  angiogenesis 
(52).  The  presence  of  overt  diabetic  sclerosis  of  skin  is  cor 
related  with  the  presence  and  future  development  of  end- 
organ  complications,  particularly  diabetic  nephropathy  and 
retinopathy  (53).  AGE  products  are  increased  in  human  di¬ 
abetic  skin  (6),  and  the  levels  of  AGE  in  skin  also  correlate 
positively  with  the  presence  of  diabetic  microvascular  kid¬ 
ney  and  eye  disease  (5, 6).  That  the  ability  of  CTGF  to  induce 
fibrosis  has  been  well  characterized  in  skin  (18,  44)  makes 
skin  fibroblasts  a  relevant  cell  model  for  the  current  study. 

Clearly,  in  vivo  and  longer  term  studies  are  required  to 
substantiate  a  more  definitive  role  for  induction  of  CTGF  b\ 
AGE  in  potentially  mediating  diabetic  fibrotic  complications 
in  skin  and  other  organs.  Activation  of  receptors  for  AGE, 
particularly  RAGE  (54),  has  also  been  implicated  in  the 
pathogenesis  of  fibrosis  that  develops  in  chronic  diseases 
other  than  diabetes  (42, 54, 55).  That  AGE  up-regulates  CTGF 
in  nontransformed  human  fibroblasts  suggests  that  CTGF 
may  be  a  factor  mediating  the  observed  AGE  and  RAGE 
effects,  which  is  a  hypothesis  that  requires  further  testing. 
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Expansion  of  extracellular  matrix  with  fibrosis  occurs  in 
many  tissues,  including  skin,  as  part  of  the  end-organ  com¬ 
plications  in  diabetes.  Advanced  glycosylation  end-products 
(AGEs)  have  been  implicated  as  a  pathogenic  factor  in  dia¬ 
betic  tissue  fibrosis.  Connective  tissue  growth  factor  (CTGF), 
also  known  as  IGF-binding  protein-related  protein-2,  induces 
extracellular  matrix.  We  have  recently  shown  that  CTGF 
mRNA  and  protein  are  up-regulated  by  AGE  treatment  of  cul¬ 
tured  human  dermal  fibroblasts.  The  aim  of  this  study  was  to 
determine  whether  CTGF  is  an  autocrine  mediator  in  the  in¬ 
duction  of  fibronectin  (FN)  by  AGE.  Primary  cultures  of  non- 
fetal  human  dermal  fibroblasts  in  confluent  monolayer  were 
treated  with  synthesized  soluble  AGE  BSA,  0-200  pg/ml.  Anal¬ 
ysis  of  mRNA,  by  quantitative  real-time  RT-PCR  and  condi¬ 
tioned  media  from  treated  cultures,  showed  that  FN  mRNA 
was  increased  by  approximately  4-fold  at  48  h,  and  FN  protein 
levels  by  Western  immunoblot  and  FN  ELISA  were  doubled, 


compared  with  control.  In  the  same  system,  added  recombi¬ 
nant  human  CTGF  (0-500  ng/ml)  induced  FN  mRNA  and  pro¬ 
tein  levels  dose  dependency  and  in  a  rapid  time  course.  To  test 
whether  AGE  BSA  acts  through  cell-derived  CTGF  to  induce 
FN,  a  CTGF  neutralizing  antibody  was  shown  to  significantly 
attenuate,  but  not  fully  inhibit,  the  AGE  induction  of  FN 
mRNA.  A  pan-specific  PKC  inhibitor,  GF109203X,  at  0.2  fix, 
inhibited  the  induction  of  FN  mRNA  by  AGE  BSA.  Although 
the  same  inhibitor  did  not  significantly  affect  the  induction  of 
CTGF  mRNA  by  AGE,  it  blocked  the  induction  of  FN  mRNA  by 
recombinant  human  CTGF.  In  summary,  the  induction  of  FN 
by  AGE  is  partly  mediated  by  the  AGE-induced  up-regulation 
of  cell-derived  CTGF'  and  is  dependent  on  PKC  activity.  These 
results  have  potential  implications  for  the  expansion  of  ex¬ 
tracellular  matrix  in  diabetes  mellitus  by  advanced  glycosyl¬ 
ation  end  products.  (Endocrinology  143:  1260-1269,  2002) 


A  MECHANISM  PROPOSED  whereby  chronic  hyper¬ 
glycemia  contributes  to  diabetic  complications  is  in 
the  formation  of  advanced  glycosylation  end-products 
(AGEs)  (1).  AGEs  constitute  irreversibly  formed  biochemical 
end-products  of  nonenzymatic  glycosylation  (2)  and  are  el¬ 
evated  in  many  tissues,  including  skin  (3),  in  subjects  with 
diabetes  (4).  One  method  by  which  AGEs  appear  to  contrib¬ 
ute  to  pathological  end-organ  changes  that  occur  in  tissues 
in  subjects  with  diabetes  is  through  the  induction  of  specific 
cytokines  and  growth  factors,  which  may  act  as  mediators  in 
causing  tissue  pathology  (5-7). 

One  hallmark  in  most  tissues  in  which  diabetic  compli¬ 
cations  occur  is  expansion  of  extracellular  matrix  [ECM  (8)j. 
AGEs  (7)  and  increased  cellular  PKC  activity  (9)  have  each 
been  identified  as  contributors  to  ECM  expansion  in  diabetes 
through  increased  ECM  production.  An  integral  component 
of  ECM  is  the  glycoprotein,  fibronectin  (FN),  which  acts  as 
a  scaffold  for  collagens,  and  contributes  to  an  ECM  network 
involved  in  cell  proliferation  and  migration  (10).  FN  is  in- 


Abbreviations:  AG  I:.  Advanced  glycosylation  end-products;  CML, 
carboxymethyl  lysine;  CTGF,  connective  tissue  growth  factor;  FCM, 
extracellular  matrix;  FN,  fibronectin;  IGFBP-rP,  insulin-like  growth  fac¬ 
tor  binding  protein  related  protein;  NRS,  normal  rabbit  serum;  rhCTGF, 
recombinant  human  connective  tissue  growth  factor. 


creased  in  vivo  in  the  ECM  expansion  that  occurs  in  diabetes 

(11, 12). 

Recently,  we  have  reported  that  the  cytokine,  connective 
tissue  growth  factor  (CTGF),  is  up-regulated  at  the  mRNA 
and  protein  level  by  AGEs  in  confluent  monolayers  of 
cultured  human  dermal  fibroblasts  (13).  Also  known  as 
IGF-binding  protein-related  protein-2  [IGFBP-rP2  (14)], 
CTGF  is  a  potent  inducer  of  ECM,  including  FN  (15),  in 
fibroblasts  (16)  as  well  as  an  angiogenic  factor  (17,  18).  A 
potential  role  for  CTGF  in  fibrotic  disease  states  is  increas¬ 
ingly  being  described  (19,  20),  suggesting  that  CTGF  is 
a  mediator  in  the  ECM  expansion  and  fibrosis  occurring 
in  diabetes.  To  date,  the  cellular  mechanism  of  action 
of  CTGF  in  enhancing  ECM  has  been  inadequately 
studied  (21). 

Because  AGEs  and  CTGF  can  both  up-regulate  fibronec¬ 
tin,  and  AGEs  also  up-regulate  CTGF  in  human  fibro¬ 
blasts,  the  aim  of  this  study  was  to  determine  whether  the 
induction  of  FN  by  AGEs  is  mediated  through  up-regu- 
lation  of  endogenous  CTGF  and  to  explore  the  cellular 
secondary  messenger  systems  involved  in  mediating  this 
effect  on  FN  expression.  Our  work  shows  that  CTGF 
contributes  significantly  to  AGE  up-regulation  of  FN  in 
human  dermal  fibroblasts,  through  a  PKC-dependent 
mechanism. 
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Materials  and  Methods 

Reagents 

The  antifibronectin  mouse  monoclonal  antibody  against  human  fi- 
bronectin  was  purchased  from  Neomarkers  Inc.  (Union  City,  CA).  Poly¬ 
clonal  anti-IC,FBP-rP2  (CTGF)  antibody  (8800),  was  generated  in  New 
Zealand  White  rabbits,  using  full-length  human  CTGF  (IGFBP-rP2)  as 
the  immunogen,  as  previously  described  (22).  The  anti-AGE  polyclonal 
antiserum  generated  in  New  Zealand  White  rabbits,  which  neutralizes 
the  activity  of  AGE  BSA  (23),  was  a  generous  gift  from  Dr.  Miyata  (Kissei 
Pharmaceutical  Co.  I.td.,  Nagano,  Japan).  The  antisera  to  human  CTGF, 
and  to  AGE,  as  well  as  nonimmune  normal  rabbit  serum  (Sigma,  St. 
Louis,  MO)  were  each  affinity  purified  by  protein  A  affinity  chroma¬ 
tography,  using  protein  A-Sepfiarose  (Pharmacia  Biotech,  Uppsala,  Swe¬ 
den).  In  each  case,  the  eluted  IgG  protein  was  dialyzed  against  PBS, 
using  a  low-molecular-mass-cut-off  membrane  (Spectrapor  1, 6-8  kDa, 
Spectrum  Industries,  Los  Angeles,  CA),  and  confirmed  to  be  immuno¬ 
globulin  by  migration  characteristics  on  nonreducing  SDS-PAC.E,  fol¬ 
lowed  by  Coomassie  staining.  The  total  amount  of  IgG  protein  was 
quantitated  using  the  DC  protein  assay  reagent  (Bio-Rad  Laboratories, 
Inc.,  Hercules,  CA)  and  was  further  confirmed  by  spectrophotometer 
absorbance  readings  at  280  nm.  D-Glucose,  BSA  (fraction  V,  fatty  acid 
and  endotoxin  free),  human  plasma  fibronectin,  and  aminoguanidine 
were  purchased  from  Sigma.  TGF-/J1  was  purchased  from  Austral  Bio- 
Ingicals  (San  Ramon,  CA).  The  pan-specific  PKC  inhibitor,  GF109203X, 
was  purchased  from  BIOMOL  Research  Laboratories,  hie.  (Plymouth 
Meeting,  PA). 

AGE  synthesis 

Advanced  glycosylation  end-products  were  synthesized  in  vitro,  fol¬ 
lowing  methods  previously  described  (13,  23,  24,  25).  BSA  (Sigma,  RIA 
grade,  fraction  V)  at  10  mM,  was  coincubated  in  sterile  PBS  with  0.5  m 
D-glucose  for  10  wk,  with  1.5  mar  phenylmethylsulfonyl  fluoride,  under 
aerobic  conditions  at  37  C.  To  generate  "control  BSA  for  comparison  with 
AGE  treatments,  tubes  were  prepared  with  simultaneous  incubations 
under  the  same  conditions  without  the  addition  of  the  D-glucose.  Ad¬ 
ditionally,  in  parallel  preparations,  aminoguanidine  at  100  dim,  as  an 
inhibitor  of  formation  of  products  of  nonenzymatic  glycosylation  (7), 
was  added  to  the  BSA  and  glucose.  All  preparations  were  extensively 
dialyzed  in  PBS,  using  a  low-molecular-mass-cut-off  membrane  (Spec¬ 
trapor  1,  6-8  kDa,  Spectrum  Industries;  Ref.  7). 

The  AGE  content  in  the  preparations  was  assessed  by  means  of 
fluorescence,  SDS-PAGE  analysis,  and  ELISA.  The  fluorescence  content, 
measured  with  a  fluorescence  spectrometer  at  390  nm  emission  after  a 
450-nm  excitation,  in  relative  fluorescence  units  per  milligram  of  BSA, 
was  11.2  ±  2.5  for  control  BSA,  52.3  ±  6.3  for  AGE  BSA,  and  9.7  ±  1.2 
for  aminoguanidine  added  to  BSA  and  glucose  (termed  aminoguanidine 
BSA)  (25).  By  SDS-PAGE  analysis  under  reducing  conditions,  followed 
by  Coomassie  staining,  the  AGE  BSA  produced  was  shown  to  have 
high-molecular-mass  species,  consistent  with  the  intermolecular  cross- 
linking  ability  of  AGE,  as  described  (23).  In  contrast,  the  control  BSA  and 
aminoguanidine  BSA  preparations  did  not  have  these  high-molecular- 
mass  forms  (data  not  shown).  By  competitive  ELISA  [as  described  in 
(26)]  performed  by  Dr.  P.  Foiles  (Alteon  Inc.,  Ramsey,  NJ),  using  a 
synthetic  N-e  carboxymethyl  lysine  (CML)  analog  as  the  standard,  the 
CML  content  of  the  preparations  (picomole  CML  per  microgram  of 
BSA  ±  95%  confidence  interval)  was:  13  ±  1 .4  for  AGE  BSA  from  glucose 
and  was  undetectable  (<1)  for  control  BSA  and  also  undetectable  when 
aminoguanidine  at  100  mM  was  coincubated  with  BSA  and  glucose. 

Synthesis  and  purification,  of  recombinant  human  CTGF 

The  recombinant  human  CTGF  IrhCTGF  (IGFBP-rP2)]  protein  was 
produced  using  a  baculovirus  expression  system  (Invihrogen  Corp., 
Carlsbad,  CA).  The  CTGF  1047-bp  cDNA  open  reading  frame  was 
cloned  from  an  Hs578T  human  breast  cancer  cDNA  library  and  se¬ 
quenced.  The  resulting  fragment  coding  for  full-length  nontagged  hu¬ 
man  CTGF  was  subcloned  into  BamHl  and  X/rol  sites  in  the  baculovirus 
recombination  vector,  pFastBacl  (Life  Technologies,  Inc.,  Rockville, 
MD),  and  insert  presence  and  orientation  were  verified  by  DNA  se¬ 
quencing.  Recombinant  baculovirus  stocks  were  isolated  and  produced 
in  increasing  titer,  as  recommended  by  tire  supplier  of  the  expression 


system.  The  rhCTGF  protein  was  then  produced  by  infecting  HIGH  Five 
insect  cells  with  recombinant  virus  under  serum-free  conditions  and 
collecting  the  conditioned  media.  To  purify  rhCTGF  protein  from  fil¬ 
tered  media,  heparin-Sepharose  affinity  chromatography,  using  HiTrap 
columns  (Pharmacia  Biotech)  with  a  step-up  salt  gradient  in  the  elution, 
was  employed  as  previously  described  (15, 27).  Peak  fractions  containing 
rhCTGF  were  determined  by  Western  immunoblotting  and  CTGF  pro¬ 
tein  was  quantitated  using  Coomassie  Blue-stained  gels  with  BSA  as 
standard,  as  previously  described  (13,  28). 

Cell  culture 

Primary  cell  cultures  of  nonfetal  human  dermal  fibroblasts,  CRL- 
2097,  and  CRL-1474  were  purchased  from  ATCC  (Manassas,  VA).  Cells 
were  maintained  in  MEM  supplemented  with  10%  FBS  and  were  used 
in  these  studies  between  passages  4  and  12.  The  human  primary'  cultures 
of  dermal  fibroblasts,  designated  A35  (derived  from  the  forearm  of  a 
70-yr-old  male)  and  A305  (newborn  foreskin  fibroblasts)  were  generous 
gifts  from  Dr.  S.  Goldstein,  Memorial  Veteran's  Hospital  (Little  Rock, 
AR).  These  cells  were  maintained  in  DMEM  containing  450  mg/dl 
glucose  and  15%  FBS. 

Cell  treatment 

After  trypsinizntion,  cells  were  grown  in  12-well  plates  for  5  d  in  their 
respective  media  with  FBS  until  they  were  confluent.  For  experiments 
requiring  the  use  of  blocking  antibodies  to  AGE  or  CTGF,  or  using 
control  normal  rabbit  serum  IgG,  cells  were  grown  in  24-well  plates 
under  the  same  conditions.  Cells  were  then  incubated  in  their  respective 
serum-free  med  ia  for  16  h  and  were  then  treated  on  d  0  under  serum-free 
conditions  using  fresh  media.  Unless  otherwise  indicated,  the  condi¬ 
tioned  media  were  not  changed  after  adding  the  treatments.  Cell  lysates 
and  conditioned  media  were  harvested  up  to  3  d  after  treatments.  For 
experiments  involving  the  use  of  blocking  antibodies  or  PKC  inhibitors, 
cells  were  preincubated  with  tire  antibody  or  reagent  for  2  h  under 
serum-free  conditions  before  tire  addition  of  AGE  or  control  BSA. 

Total  RNA  isolation  and  analysis  by  quantitative  real-time 
RT-PCR 

Total  RNA  was  isolated  from  duplicate  wells,  (RNeasy  minikit,  QIA- 
GEN,  Valencia,  CA)  and  analyzed  by  quantitative  real-time  PCR  using  an 
AB1  Prism  7700  sequence  detection  system  (PE  Applied  Biosystems,  Foster 
City,  C  A)  as  previously  described  (13, 29).  This  sy'stem  is  based  on  the  ability 
of  the  5’  nuclease  activity  of  Taq  polymerase  to  cleave  a  nonextendable 
dual-labeled  fluorogenic  hybridization  probe  during  the  extension  phase  of 
PCR.  The  following  sequence  specific  primers  and  probes  for  human  CTGF, 
FN,  and  18S  rRNA  were  designed,  using  Primer  Express  software  1.0  (PE 
Applied  Biosystems):  for  FN,  forward  5'-TCClTGCTGGTATCATG- 
GCAG-3’,  reverse  5'-AGACCCAGGCTTCTCATACTTGA-3',  and  probe 
5'-6FAM-CCACGTGCCAGGATTACCGGCTACAT-TAMRA-3';  for 
CTGF,  forward  5’-GAGGAAAACATTAAGAAGGGC AAA-3',  reverse  5'- 
CGGCACAGGTCTTGATGA-3',  and  probe  5'6FAM-TTTGAGCTTTCTG- 
GCTGCACCAGTGT-TAMRA3';  for  18S,  forward  5'-CGGCTACCA- 
CATCCAAGGAA-3’,  reverse  5'-GCTGGAATTACCGCGGCT-3’,  and 
probe  5'-6FAM-TGClGGCACCAGACITGCCCl'C-TAMRA3'.  Primers 
were  used  at  a  concentration  of  200  nM  and  probes  at  100  nM  in  each 
reaction.  Multiscribe  reverse  transcriptase  and  Amplitaq  gold  polymerase 
(PE  Applied  Biosy'stems)  were  used  in  all  RT-PCR.  Each  RNA  sample  was 
analyzed  in  triplicate.  Relative  quantitation  of  18S  rRNA  and  human  FN 
and  CTGF  mRNAs  were  calculated,  using  the  comparative  threshold  cycle 
number  for  each  sample  fitted  to  a  five-point  standard  curve  (ABI  prism 
7700  user  bulletin  no.  2,  PE  Applied  Biosystems).  Hie  standard  curve  was 
constructed  using  a  serial  dilution  of  total  RNA  extracted  from  human 
cardiac  fibroblasts  that  had  been  treated  with  TGF-/31  at  1  ng/rnl  for  24  h. 
Expression  leveLs  were  normalized  to  18S  rRNA  and  related  to  relevant 
controls  as  indicated  in  the  text. 

Preparation  of  conditioned  media  and  cell  lysates 

Conditioned  media  were  collected  after  cell  treatment  and  centri¬ 
fuged  at  10,000  X  g  for  10  min  at  4  C,  and  then  supernatants  from 
duplicate  wells  within  each  experiment  were  pooled  and  stored  at  -20 
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C  until  analysis.  Cell  lysate  samples  were  harvested  after  treatment  by 
washing  cells  with  PBS  and  then  adding  100  p.1  cold  RIPA  lysis  buffer 
(20  dim  Tris,  pH  8.0, 150  mw  NaCl,  1%  Nonidet  P-40, 0.5%  NaDOC,  0.1% 
SDS)  plus  a  protease  inhibitor  cocktail  (Roche  Molecular  Biochemicals, 
Mannheim,  Germany)  directly  to  each  well.  Plates  were  rocked  for  15 
min  at  4  C,  and  lysates  were  collected  and  centrifuged  at  10,000  X  g  for 
10  min  at  4  C.  lire  supernatants  from  duplicate  wells  within  each  ex¬ 
periment  were  pooled  and  stored  at  -20  C  until  analysis.  Total  protein 
concentration  was  determined  for  each  sample  by  use  of  the  DC  protein 
assay  reagent  (Bio-Rad  Laboratories,  Inc.).  Twenty  micrograms  of  total 
protein  were  then  loaded  per  lane  for  SDS-PAGE  analysis. 

Western  immunoblot  analysis 

Conditioned  media  samples  were  separated  on  7.5%  nonreducing 
SDS-PAGE.  Proteins  were  electrotransferred  onto  nitrocellulose,  and 
membranes  were  blocked  with  5%  nonfat  dry  milk/TBS  with  0.1% 
(vol/vol)  Tween  20  for  1  h  at  22  C,  then  incubated  overnight,  4  C,  in  FN 
antiserum  (1:800  dilution;  Neomarkers,  Inc.).  After  incubation  of  mem¬ 
branes  with  a  horseradish  peroxidase-labeled  secondary  antibody  for  1  h 
at  22  C,  immunoreactive  proteins  were  detected  by  use  of  enhanced 
chemiluminescence  (NEN  Life  Science  Products,  Boston,  MA). 

ELISA  for  fibronectin 

A  competitive  ELISA  was  developed  based  on  previously  described 
methods  (30).  Pure  human  plasma  FN  (100  ng/well)  in  10  mM  sodium 
carbonate,  pH  9.6,  was  adsorbed  to  96-well  immunoplates  (Nalge  Nunc 
International,  Rochester,  NY)  by  a  20-h  incubation  at  4  C.  The  wells  were 
then  blocked  by  incubation  with  PBS,  0.1%  (vol/vol)  Triton  X-100  (buffer 
A)  containing  10  g/liter  BSA  for  2  h  at37  C,  and  washed  four  times  with 
buffer  A.  Purified  human  FN  in  buffer  A  was  used  to  generate  standard 
curves.  Standard  and  samples  (125  fil/tube)  were  incubated  with  a 
limiting  amount  (1 :2500  titer,  0.005  ptl / tube)  of  antifibronectin  antibody 
(Neomarkers,  Inc.)  at  22  C  for  1  h.  The  plate  was  then  incubated  with  the 
FN  standards  (0-500  ng)  and  samples  (each  at  100  pil/well)  for  30  min 
•at  22  C.  After  washing,  the  plate  was  incubated  with  streptavidin  horse¬ 
radish  peroxidase  at  1:3000  (Sigma)  for  30  min  at  22  C  and,  after  four 
more  washes  in  buffer  A,  with  substrate  [0.1  g/liter  3,3',5,5'-tetramethyl 
benzidine  in  0.2  M  sodium  acetate,  pH  6,  containing  0.06%  (wt/wt) 
H202J  for  10  min  at  22  C.  The  reaction  was  stopped  by  the  addition  of 
2  m  H2S04,  and  the  absorbance  was  measured  at  450  nm  using  a  mi¬ 
croplate  reader.  Linearity  in  the  assay  was  achieved  over  the  range  of 
15-250  ng/well  of  FN. 

Densitometric  analysis 

To  quantify  the  relative  induction  of  FN  following  SDS-PAGE  and 
Western  immunoblotting,  densitometric  measurement  was  performed 
using  GS-700  imaging  densitometer  with  MuItiAnalyst  Software  (Bio- 
Rad  Laboratories,  Inc.). 

Statistical  analysis 

Results  are  expressed  as  mean  ±  sd  or  mean  ±  sem  as  indicated. 
Differences  between  groups  were  assessed  using  a  two-tailed  paired  t 
test  in  Microsoft  Corp.  (Redmond,  WA)  Excel  98,  where  shown.  A  level 
of  P  <  0.05  was  considered  statistically  significant. 

Results 

To  determine  whether  FN  mRNA  steady-state  levels  are 
up-regulated  by  AGE  in  primary  cultures  of  human  dermal 
fibroblasts,  confluent  monolayers  of  CRL-2097  fibroblasts 
were  treated  with  soluble  AGE  BSA  under  serum-free  con¬ 
ditions.  In  response  to  100  jug /ml  of  AGE  BSA,  an  increase 
in  FN  mRNA  was  observed  at  24  h  of  AGE  treatment,  and 
a  progressive  increase  occurred  over  the  3-d  time  course  of 
the  study  (Fig.  1  A).  In  contrast,  no  change  in  FN  mRNA  over 
time  was  seen  after  treatment  with  the  same  concentration  of 
control  BSA  (Fig.  1  A).  A  dose-response  study  with  AGE  BSA 
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A:  Time  course 


FIG.  1.  Time  course  and  dose-response  induction  of  FN  mRNA  by 
AGE  BSA.  Soluble  AGE  BSA  or  control  BSA  was  added  in  fresh  media 
to  duplicate  wells  of  confluent  primary  cultures  of  human  fibroblasts 
(CRL-2097)  under  serum-free  conditions.  Total  RNA  was  collected, 
and  FN  mRNA  was  determined  by  quantitative  RT-PCR  in  triplicate 
for  each  sample,  as  described  in  Materials  and  Methods.  The  FN 
mRNAlevel  is  expressed  in  arbitraryunits  normalized  to  X8S.  A,  Time 
course  from  1  to  3  d,  with  AGE  BSA  or  control  BSA  treatment,  each 
at  100  pg/ml.  B,  Dose  response  with  AGE  BSA  or  control  BSA  from 
0  to  200  pg/ml  added  to  wells  followed  by  RNA  collection  at  48  h.  The 
mean  of  three  independent  experiments  ±  1  sd  is  shown  in  A  and  B. 
*,  P  <  0.05;  **,  P  <  0.01  vs.  the  respective  control  BSA. 

from  0  to  200  p.g/ml  in  2097  cells,  with  continuous  AGE 
treatment  and  RNA  collection  at  48  h  after  initial  AGE  ad¬ 
dition,  showed  that  increases  in  FN  mRNA  were  detectable 
using  10  Mg/ml  or  greater  AGE  BSA,  but  increasing  con¬ 
centrations  of  control  BSA  did  not  show  any  change  in  FN 
mRNA  in  comparison  with  no  addition  (Fig.  IB). 

Formation  of  products  of  nonenzymatic  glycosylation  are 
inhibited  by  the  dihydrazine  compound  aminoguanidine  (7). 
When  cells  were  treated  with  BSA  that  had  been  coincubated 
for  10  wk  with  both  glucose  and  aminoguanidine,  as  de¬ 
scribed  in  Materials  and  Methods,  no  increase  in  FN  mRNA 
was  observed,  compared  with  control  BSA  treatment  alone 
or  with  serum-free  media  without  any  addition  (Fig.  2A). 
This  result  confirms  that  the  active  component  in  the  AGE 
reagent  used  is  a  product  of  nonenzymatic  glycosylation.  As 
a  positive  control  reagent  in  this  system  for  the  induction  of 
FN,  TGF-/31  (1  ng/ml)  was  also  seen  to  induce  FN  mRNA 
(Fig.  2A). 

To  determine  whether  early  or  advanced  glycosylation 
end-products  mediate  the  effect  of  the  AGE  reagent  on  FN 
in  this  cel!  system,  cells  were  preincubated  with  anti-AGE 
IgG  before  addition  of  the  AGE  reagent.  Using  the  anti-AGE 
antibody,  the  AGE  induction  of  FN  mRNA  was  inhibited  on 
average  by  81%  (Fig.  2B).  In  contrast,  normal  rabbit  serum 
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FlG.  2.  AGE  effect  on  FN  mRNA  occurs  through  nonenzymatic  gly- 
cosylation  of  BSA  and  is  blocked  by  an  anti-AGE-neutralizing  anti¬ 
body.  A,  Soluble  AGE  BSA  or  control  BSA  at  100  /ig/ml,  or  no  treat¬ 
ment,  was  added  to  duplicate  wells  of  confluent  primary  cultures  of 
human  fibroblasts  under  serum-free  conditions.  In  other  wells  BSA 
that  had  previously  been  coincubated  with  glucose  and  aminoguani- 
dine  before  dialysis,  termed  aminoguanidine  BSA,  as  described  in 
Materials  and  Methods,  was  added.  Treatment  with  TGF-/31  (1  ng/ml) 
as  a  positive  control  is  shown  for  comparison.  Total  RNA  was  collected 
at  48  h,  and  FN  mRNA  was  determined  by  quantitative  RT-PCR  in 
triplicate  for  each  sample.  The  FN  mRNA  level  is  expressed  in  arbi¬ 
trary  units.  The  mean  £  SD  of  three  independent  experiments  is 
shown.  **,  P  <  0.0 1  vs.  no  addition,  control  BSA,  and  aminoguanidine 
BSA.  In  B,  wells  were  preincubated  with  anti-AGE  polyclonal  neu¬ 
tralizing  IgG,  at  100  pg/ml  IgG  or  100  pg/ml  NRS  IgG  for  2  h.  Soluble 
AGE  BSA  or  control  BSA  at  100  pg/ml  was  then  added  to  the  wells. 
Total  RNA  was  collected  at  48  h  and  FN  mRNA  determined  by  quan¬ 
titative  RT-PCR  in  triplicate  for  each  sample.  The  means  £  1  SD  of  four 
independent  experiments  are  shown.  *,  P  <  0.05  vs.  AGE  BSA  added 
alone. 

had  no  effect  (Fig.  2B).  Because  the  anti-AGE  antibody  is 
specific  for  AGE  and  does  not  bind  to  Amadori  products  (23), 
which  are  early  products  of  nonenzymatic  glycosylation, 
these  results  showed  that  AGE  is  the  active  component  in  the 
synthesized  reagent  responsible  for  increasing  FN  in  these 
studies. 

To  test  whether  the  changes  seen  in  FN  mRNA  in  human 
foreskin  fibroblast  CRL-2097  cells  after  AGE  treatment  can 
also  be  observed  in  human  dermal  fibroblasts,  primary  hu¬ 
man  skin  fibroblasts  from  other  donors  were  studied.  When 
these  other  cells  were  treated  with  100  /xg/ml  of  AGE  BSA, 
increases  in  FN  mRNA  were  observed  48  h  after  treatment, 
compared  with  control  BSA,  in  all  of  the  fibroblast  cell  lines 
studied,  whether  they  were  derived  from  neonatal  foreskin 
(A305),  a  child's  abdomen  (CRL-1474),  or  the  forearm  of  a 
mature  adult  (A35)  (Fig.  3). 

The  2097  fibroblasts  were  used  in  all  subsequent  experi- 


Fig.  3.  AGE  BSA  effects  on  FN  mRNA  are  observed  in  human  skin 
fibroblasts.  Soluble  AGE  BSA  or  control  BSA  at  100  pg/ml  was  added 
to  duplicate  wells  of  confluent  primary  cultures  of  human  skin  fibro¬ 
blasts  from  multiple  donors  under  serum-free  conditions,  and  total 
RNA  was  collected  at  the  time  points  shown.  FN  mRNA  was  then 
determined  by  quantitative  RT-PCR  in  triplicate  for  each  sample.  The 
FN  mRNA  level  is  expressed  in  arbitrary  units,  normalized  to  18S. 
The  donor  age  and  skin  site  of  the  fibroblasts  studied  are:  7-yr-old 
male  abdomen  (CRL-1474);  70-yr-old  male  forearm  (A35);  and  new¬ 
born  foreskin  (A305).  The  means  ±  1  sd  of  three  independent  exper¬ 
iments  are  shown. 

merits.  The  addition  of  pure  rhCTGF  protein  (500  ng/ml) 
caused  an  induction  of  FN  mRNA.  Up-regulation  was  ob¬ 
served  at  24  h  and  48  h  after  reagent  addition  (Fig.  4A).  In  a 
parallel  fashion,  CTGF  mRNA  was  autoinduced  by  rhCTGF 
treatment  (Fig.  4A).  Such  autoinduction  of  CTGF  mRNA, 
observed  with  the  addition  of  recombinant  CTGF  protein,  is 
consistent  with  a  similar  effect  of  added  CTGF  protein  pre¬ 
viously  described  in  cultured  rodent  renal  mesangial  cells 
(27).  A  dose-response  study  from  0  to  500  ng/ml  rhCTGF 
showed  that  statistically  significant  increases  in  FN  mRNA 
at  24  h  after  treatment  occurred  when  100  ng/ml  or  more 
rhCTGF  protein  was  added  to  the  conditioned  media  (Fig. 
4B).  In  parallel  with  the  induction  observed  for  FN,  a  dose- 
response  induction  of  CTGF  mRNA  by  added  rhCTGF  was 
also  seen  with  a  statistically  significant  increase  occurring 
from  250  ng/ml  added  protein  (Fig.  4B). 

To  determine  whether  AGE  and  rhCTGF  treatment  up- 
regulated  FN  protein  levels,  conditioned  media  were  col¬ 
lected  and  analyzed  by  Western  immunoblots  and  by  FN 
ELISA.  Immunoblot  analysis  indicated  that  in  the  presence 
of  no  addition,  with  serum  free  media  alone,  basal  levels  of 
FN  protein  accumulated  in  the  conditioned  media  (Fig.  5A), 
a  finding  that  has  been  observed  by  others  in  human  fibro¬ 
blasts  (28).  After  treatment  with  rhCTGF,  increased  FN  pro¬ 
tein,  compared  with  the  no  addition  control,  was  detected  in 
a  time-  and  dose-dependent  manner  (Fig.  5,  A  and  B).  The 
addition  of  control  BSA  resulted  in  an  accumulation  of  sol¬ 
uble  FN  protein  (Fig.  5C).  Over  the  3  d  of  the  study,  after 
treatment  of  cells  with  AGE  BSA,  FN  protein  levels  were 
further  increased  above  that  of  the  control  BSA  (Fig.  5C).  In 
whole-cell  lysates,  an  increase  in  FN  protein  was  also  ob¬ 
served  after  rhCTGF  and  AGE  treatment,  compared  with 
either  no  addition  or  control  BSA  (data  not  shown).  Quan¬ 
titation  by  FN  ELISA  confirmed  the  media  Western  immu¬ 
noblot  resul  ts  (Fig.  5,  D  through  E) .  FN  protein  in  conditioned 
media  after  48  h  treatment  with  500  ng/ml  rhCTGF  was 
approximately  1.6-fold  higher  than  in  cells  in  which  serum- 
free  media  were  added  alone  (Fig.  5D).  Increases  in  FN  media 
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A:  rhCTGF  treatment  •  Time  course 
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B:  rhCTGF  troatmont  -  Dose-response  at  24  h 


Fig.  4.  Induction  of  FN  mRNA  and  CTGF  mRNA  autoinduction  by 
soluble  rhCTGF.  RhCTGF  was  added  to  human  foreskin  fibroblasts 
(2097  cells)  under  serum-free  conditions.  Total  RNA  was  collected  and 
FN  mRNA  and  CTGF  mRNA  were  both  analyzed  in  A  and  B  by 
quantitative  RT-PCR  in  triplicate  for  each  sample,  with  correction  in 
each  sample  for  18S.  A,  Time  course  over  2  d,  at  500  ng/ml  rhCTGF. 
"B,  Dose-response  induction  of  FN  mRNA  and  CTGF  mRNA  using 
0-500  ng/ml  rhCTGF  with  isolation  of  total  RNA  at  48  h.  The  means  ± 
1  sd  of  four  independent  experiments  are  shown  in  A  and  B.  *,  P  < 
0.05  vs.  no  addition  on  the  same  curve. 

protein  by  ELISA  after  AGE  treatment  peaked  at  1.9-fold  at 
48  h  and  remained  significant  at  72  h  at  1 ,4-fold  (Fig.  5E).  The 
progressive  accumulation  of  soluble  FN  protein  in  the  media 
seen  after  control  BSA  addition  did  not  differ  statistically 
from  that  of  the  no  reagent  addition,  serum-free  control  (Fig. 
5,  Dand  E).  When  measured  by  ELISA  in  media  derived  from 
three  independent  experiments  in  which  both  controls  were 
studied,  the  FN  protein  level  averaged  2.49  /xg/ ml  at  24  h  by 
no  addition  and  1.95  /xg/ml  after  control  BSA  addition  and 
5.04  /xg/ml  at 48  h  by  no  addition  and  4.11  /xg/ml at  48  h  after 
control  BSA  addition.  Thus,  after  both  AGE  and  CTGF  treat¬ 
ment,  the  increases  in  FN-soluble  protein  were  increased 
above  the  controls,  and  these  increases  were  somewhat  less 
marked  than  the  observed  increases  in  FN  mRNA. 

We  have  recently  reported  that  in  the  same  dermal  fibro¬ 
blast  system  and  under  the  same  cell  culture  conditions,  AGE 
BSA  induces  up-regulation  of  CTGF  mRNA  and  protein  (13). 
Increases  in  CTGF  mRNA  were  detectable  from  8  h  onward 
after  AGE  addition  to  the  media  and  became  most  marked 
after  72  h  of  AGE  treatment  and  were  seen  using  10  /xg/ml 
or  more  of  the  AGE  BSA  (13).  Increases  in  CTGF  protein  in 
the  conditioned  media  were  detectable  within  24  h  of  AGE 
treatment  and  continued  to  increase  for  the  study  duration 
of  72  h  (13). 


Based  on  our  present  observation  that  both  AGE  and 
rhCTGF  up-regulate  FN  and  that  AGE  increases  endogenous 
CTGF  in  fibroblasts,  we  tested  whether  cell-derived  CTGF,  in 
an  autocrine  manner,  is  a  contributor  to  the  observed  in¬ 
crease  in  FN  mRNA  following  AGE  treatment.  Using  an  IgG 
affinity  purified  fraction  of  polyclonal  antibody  against 
rhCTGF,  the  induction  of  FN  at  48  h  by  exogenously  added 
rhCTGF  (250  ng/ml)  was  fully  inhibited  (Fig.  6A).  In  con¬ 
trast,  no  inhibition  of  FN  mRNA  up-regulation  by  rhCTGF 
occurred  when  the  same  amount  of  normal  rabbit  serum  IgG 
was  added  exogenously  to  cells  (Fig.  6A).  In  other  experi¬ 
ments,  the  anti-CTGF  antibody  inhibited  rhCTGF-induced 
increases  in  FN  mRNA  after  24  h  of  rhCTGF  treatment  (data 
not  shown).  In  addition,  the  autoinduction  of  CTGF  mRNA 
by  rhCTGF,  described  in  Fig.  4,  was  fully  blocked  by  the 
CTGF  antibody  (data  not  shown).  These  results  confirm  that 
the  anti-CTGF  antibody  specifically  neutralizes  the  bioactiv¬ 
ity  of  CTGF  in  this  system. 

The  ability  of  the  CTGF-neutralizing  antibody  to  block 
AGE  induction  of  FN  mRNA  was  then  assessed.  When  the 
CTGF  antibody  was  added  before  AGE  treatment  of  cells,  the 
induction  of  FN  mRNA  at  48  h  by  AGE,  was  attenuated  by 
about  42%,  compared  with  no  IgG  addition  (Fig.  6A).  In 
contrast  to  the  effect  of  the  anti-CTGF  IgG,  the  same  amount 
of  normal  rabbit  serum  IgG  had  no  obvious  effects  (Fig.  6A). 
A  longer-term  protocol  to  96  h  was  then  performed,  with  the 
anti-CTGF  IgG  or  normal  rabbit  serum  IgG  also  added  at  48  h 
(Fig.  6B).  These  studies  showed  that  anti-CTGF  IgG  abro¬ 
gated  the  induction  of  FN  mRNA  by  AGE  by  about  82%  at 
96  h,  compared  with  the  effect  of  normal  rabbit  serum  IgG 
(Fig.  6B).  Higher  concentrations  of  CTGF  antibody  and  more 
frequent  treatments  did  not  produce  any  greater  inhibitory 
effect  on  AGE  induction  of  FN  (data  not  shown).  These  data 
show  that  endogenous  CTGF  contributes  to  the  induction  of 
FN  by  AGE  in  this  cell  system. 

Recent  studies  have  implicated  PKC  in  the  induction  of  FN 
in  a  diabetic  environment  (12, 31).  Because  AGE  can  regulate 
PKC  isoforms  in  some  systems  (32),  we  tested  whether  PKC 
activity  might  be  involved  in  the  induction  of  FN  by  AGE 
and/or  by  rhCTGF.  Cells  were  preincubated  with  a  PKC 
inhibitor  for  2  h,  followed  by  addition  of  reagent  (rhCTGF  or 
AGE),  and  total  RNA  was  collected  at  48  h.  Preincubation  of 
cell  monolayers  with  the  pan-specific  PKC  inhibitor 
GF109203X  at  0.2  /xm  caused  an  inhibition  of  AGE  induction 
of  FN  mRNA  by  about  72%  (Fig.  7A).  In  contrast,  there  was 
no  statistically  significant  inhibition  of  CTGF  mRNA  induc¬ 
tion  by  AGE  (Fig.  7B).  In  a  similar  manner,  preincubation  of 
cells  with  GF109203X  reduced  rhCTGF  induction  of  FN 
mRNA  to  basal  levels  (Fig.  7C).  Autoinduction  of  CTGF 
mRNA  by  rhCTGF,  however,  was  not  significantly  inhibited 
by  preincubation  with  GF109203X  (Fig.  7D).  The  effects  of 
GF109203X  were  observed  at  relatively  low  concentrations 
(0.2  /xm),  consistent  with  specificity  of  this  inhibitor  for  PKC 
isofonns  (33).  In  addition,  no  significant  effects  on  basal 
(unstimulated)  FN  mRNA  were  observed,  suggesting  that 
the  PKC  blocker  was  specifically  inhibiting  the  activity  of 
these  reagents  on  FN  mRNA  induction  (Fig.  7,  A  and  C).  No 
further  specific  inhibitory  effects  on  FN  mRNA  or  CTGF 
mRNA  were  seen  with  higher  concentrations  (up  to  5  /xm)  of 
GF109203X  (data  not  shown).  These  results  indicate  that  in 
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Fig.  5.  Increases  in  FN  protein  in  con¬ 
ditioned  media  by  AGE  and  rhCTGF.  Du¬ 
plicate  wells  of  confluent  primary  cul¬ 
tures  of  human  fibroblasts  (CRL-2097) 
under  serum-free  conditions  were  incu¬ 
bated  with  rhCTGF  (500  ng/ml)  for 
24-48  h  (A)  and  increasing  amounts  of 
rhCTGF  (0-500  ng/ml)  for  24  h  (B).  Con¬ 
ditioned  media  were  analyzed  for  FN  im- 
mimoreactivity  by  Western  immunoblot 
after  SDS-PAGE  under  reducing  condi¬ 
tions.  C,  Cells  cultured  as  in  A  were 
treated  with  AGE  BSA  or  control  BSA  at 
100  ftg/ml  for  24-72  h,  and  then  FN  im- 
munoreactivity  was  detected  in  the  con¬ 
ditioned  media  by  Western  immunoblot. 
For  A-C,  molecular  mass  markers  are 
shown  to  the  left  of  the  figure,  and  rep¬ 
resentative  immunoblots  are  shown  from 
three  experiments,  each  showing  equiv¬ 
alent  results.  D,  Media  levels  of  FN  mea¬ 
sured  by  FN  ELISA,  as  described  in 
Materials  and  Methods,  after  treatment 
of  cells  with  rhCTGF  for  24  and  48  h, 
compared  with  no  addition.  *,P<  0.05  us. 
no  addition  on  the  respective  day.  E,  Me¬ 
dia  levels  of  FN  measured  by  FN  ELISA, 
after  treatment  of  cells  with  AGE  BSA  or 
control  BSA  each  for  24-72  h.  *,  P  <  0.05 
for  AGE  BSA  us.  control  BSA  on  the  re¬ 
spective  day.  For  D  and  E,  data  shown  are 
means  ±  I  sd  from  three  independent, 
experiments. 
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this  cell  system,  cellular  PKC  activity  is  required  for  optimal 
induction  of  FN  mRNA  by  both  AGE  and  rhCTGF  but  not 
for  the  induction  of  CTGF  mRNA  by  either  AGE  or  rhCTGF. 

Discussion 

This  study  describes  the  stimulation  of  FN  mRNA  and 
protein  following  treatment  of  human  skin  fibroblasts  with 
advanced  glycosylation  end-products  and  with  rhCTGF  and 
the  demonstration  that  CTGF  contributes  to  AGE  up-regu- 
lation  of  FN  mRNA.  The  effect  of  the  synthesized  AGE  re¬ 
agent  on  FN  mRNA  induction  was  seen  to  be  caused  by 
products  of  nonenzymatic  glycosylation  because  coincuba¬ 
tion  of  aminoguanidine,  an  inhibitor  of  nonenzymatic  gly¬ 
cosylation,  with  glucose  and  BSA  did  not  affect  FN  mRNA, 
and  no  effect  was  seen  with  control  BSA  alone.  The  up- 
regulation  of  FN  mRNA  in  this  cell  model  by  the  synthesized 
AGE  reagent  was  mediated  by  AGE  rather  than  by  earlier 
products  of  nonenzymatic  glycosylation,  such  as  Amadori 
products,  because  the  use  of  an  antibody  specific  for  AGE, 
which  does  not  bind  Amadori  products,  inhibited  the  AGE 
induction  of  FN  gene  expression.  The  increase  in  soluble  FN 
protein  in  this  system  by  AGE  and  rhCTGF  were  greater  than 
the  accumulation  of  FN  protein  over  time,  which  was  seen 
in  the  presence  of  either  no  addition  or  after  the  addition  of 
control  BSA. 

The  up-regulation  of  FN  by  ACE  is  generaiizable  to  skin 
fibroblasts  from  differing  sources  and  passage  number.  In 
each  of  the  four  fibroblast  cell  lines  studied,  AGE  up-regu¬ 
lated  FN.  In  the  cell  line  most  extensively  studied,  CRL-2097, 
FN  was  regulated  by  AGE  in  early  passages  (passage  4)  and 
also  at  later  passage  (passage  12).  The  concentrations  of  AGE 


BSA  used  in  these  experiments  approximate  those  used  in 
vitro  in  other  studies  exploring  biological  effects  of  AGE  on 
cells  (7,  34).  In  addition  to  AGE  BSA  synthesized  from  glu¬ 
cose,  we  have  also  synthesized  AGE  BSA  from  glycolalde- 
hyde  as  substrate  (13)  and  have  confirmed  that  AGE  syn¬ 
thesized  from  glycolaldehyde  also  induces  FN  mRNA  (data 
not  shown).  BSA  was  used  as  the  protein  for  synthesizing 
AGE  adduct  because  it  is  highly  purified  and  delipidated  and 
has  commonly  been  used  in  AGE  experiments  by  others 
(23-25).  We  have  not  yet  studied  other  proteins  made  from 
AGE,  such  as  AGE  synthesized  using  extracellular  matrix 
proteins.  Few  AGE  components  have  to  date  been  defined 
biochemically,  and  the  specific  glycosylation  end-product(s) 
that  might  be  mediating  the  effect  on  FN  were  not  identified 
in  tliis  work. 

Recent  studies  using  AGE  in  human  dermal  fibroblasts 
have  focused  on  AGE  effects  on  type  1  collagen,  rather  then 
FN.  These  reports  have  shown  that  in  contrast  to  the  ob¬ 
served  up-regulation  of  FN  by  AGE  BSA  in  the  current  work, 
type  1  collagen  mRNA  and  protein  synthesis  were  inhibited 
by  soluble  AGE  BSA  treatment  (35).  This  prior  report  and  the 
current  work  are  not  inconsistent  because  regulation  of  FN 
and  type  1  collagen  gene  transcription  differs.  Specifically, 
epidermal  growth  factor  receptor  activation,  which  was 
shown  to  mediate  AGE  inhibition  of  type  1  collagen  gene 
expression  in  the  previous  work  (35),  is  known  to  have  a  role 
in  positively  regulating  FN  transcriptional  activity  in  fibro¬ 
blasts  (36,  37).  What  role  the  epidermal  growth  factor  recep¬ 
tor  may  play  in  AGE  up-regulation  of  FN,  possibly  in  co¬ 
operation  with  CTGF,  is  an  important  topic  to  address  in 
future  studies. 


1266  Endocrinology,  April  2002,  143(4):  1260-1269 


Twigg  el  al.  •  Mediator  in  FN  Induction  in  Dermal  Fibroblasts 


5 
4 
3 

FNmfiNA 
/1 63 

2 
1 
0 

Control  D9A  (100  pg/int)  +  +  +  -  --  --  - 

AG£6SA(I0C  pg/ml.1  -  ---♦+♦ 

ftiCTGF  (250  ng/mL)  -  -  -  «  +  +  --- 

anK-CTGP  IgQ 


NR$  IgG  -  -  +• 


Fro.  6.  AGE  induction  of  FN  mRNA  is  partly  mediated  by  endoge¬ 
nous  CTGF.  A,  Duplicate  wells  of  confluent  primary  cultures  of  hu¬ 
man  fibroblasts  (CRL-2097)  under  serum-free  conditions  were  pre¬ 
incubated  with  anti-CTGF  IgG  (40  pg/ml),  NRS-derived  IgG  (40  jug/ 
ml),  or  no  IgG.  Then  AGE  BSA  or  control  BSA  each  at  100  pg/ml  or 
rhCTGF  (250  ng/ml)  was  added.  Total  RNA  was  collected  48  h  later 
and  FN  mRNA  analyzed  by  real-time  quantitative  RT-PCR.  The 
mRNA  levels  are  expressed  in  arbitrary  units.  The  means  ±  1  SD  of 
four  independent  experiments  are  shown.  **,  P  <  0.01  for  rhCTGF 
with  no  IgG  addition  *,  P  <  0.05  vs.  AGE  BSA  with  no  IgG  addition. 
B,  The  same  protocol  was  followed  as  in  A,  except  that  a  further 
addition  of  anti-CTGF  IgG  or  NRS  IgG,  each  at  40  pg/ml,  was  made 
to  the  media  bathing  the  cells,  followed  by  RNA  collection  at  96  h  and 
analysis  for  FN  mRNA.  Results  are  the  means  ±  1  SD  from  two 
independent  experiments.  *,  P  <  0.05;  **,  P  <  0.01  for  AGE  BSA  with 
anti-CTGF  IgG  preincubation  vs.  AGE  BSA  with  preincubation  of 
NRS  IgG,  on  the  respective  day. 


CTGF  is  known  to  induce  FN  and  to  be  profibrotic  (16).  The 
concentrations  of  soluble  CTGF  recombinant  protein  re¬ 
quired  in  this  cell  system  to  induce  FN  mRNA  and  protein, 
at  and  above  100  ng/ml  of  rhCTGF,  appear  higher  than 
others  have  employed  in  human  fibroblasts  (15).  It  is  possible 
that  the  purified  rhCTGF  used  in  the  current  study  is  some¬ 
what  less  bioactive  than  endogenous  CTGF  protein  and  that 
used  by  other  groups  and/or  that  quantitation  of  the  purified 
protein  differs  between  groups.  Nonetheless,  the  current 
work  shows  that  added  CTGF  induces  FN  mRNA  and  pro¬ 
tein  in  this  cell  system.  That  the  anti-CTGF  IgG  specifically 
and  completely  blocked  FN  induction  by  rhCTGF  indicates 
that  this  antibody  is  efficient  at  blocking  CTGF  effects  on  the 
fibroblast  cells.  This  same  antibody  was  then  seen  to  signif¬ 
icantly  attenuate  AGE  induction  of  FN  in  a  specific  manner. 

This  is  the  first  study  demonstrating  that  CTGF  is  a  me¬ 
diator  in  the  induction  of  ECM  by  AGE,  and  it  provides  a 
potentially  important  link  among  AGE,  growth  factors,  and 


fibrosis.  The  CTGF  neutralizing  antibody  studies  do  not  im¬ 
plicate  CTGF  as  the  only  mediator  of  AGE  induction  of  FN: 
that  AGE  induction  of  FN  was  only  partially  inhibited  by 
CTGF-neutralizing  IgG  also  implicates  CTGF-independent 
pathways  in  AGE-induced  increases  in  FN.  We  have  previ¬ 
ously  reported  that  in  the  same  system,  a  TGF-/31  neutral¬ 
izing  antibody  did  not  inhibit  tire  induction  of  AGE  by  CTGF 
and  that  total  TGF-/31  levels  were  not  detectably  increased 
over  the  time  course  of  the  study  (13).  These  results  suggest 
that  TGF-/31  is  not  involved  in  the  role  played  by  CTGF  in 
contributing  to  the  AGE  induction  of  fibronectin  in  this  cell 
system.  Up-regulation  of  CTGF  in  tissues  in  rodent  models 
of  diabetic  nephropathy  has  recently  been  reported  (27,  38). 
Although  AGE  has  been  shown  to  up-regulate  FN  in  vivo 
(12),  AGE  as  a  reagent  has  not  yet  been  reported  in  vivo  to 
induce  CTGF  mRNA  or  protein.  In  contrast  to  our  experi¬ 
mental  model,  AGE  appears  to  accumulate  slowly  in  vivo, 
particularly  in  long-lived  proteins  (1,  2),  and  in  vivo  studies 
are  now  required  to  further  substantiate  a  role  for  CTGF  in 
mediating  diabetic  and,  specifically,  AGE-related  ECM 
expansion. 

Up-regulation  of  PKC  activity'  and  PKC  isoforms  in  a  di¬ 
abetic  environment  has  been  shown  in  vitro  and  in  invo  in  cells 
and  in  tissues  that  are  susceptible  to  diabetic  complications 
(31),  and  inhibition  of  PKC  activity  may  attenuate  chronic 
diabetes-related  events  (12).  Although  effects  on  PKC  activ¬ 
ity  have  been  well  described  for  high  extracellular  D-glucose 
(9)  and  early  products  of  nonenzymatic  glycosylation  (39, 
40),  only  recently  has  AGE  been  implicated  in  up-regulating 
PKC  activity  (32)  and  potentially  using  PKC  pathways  in 
inducing  diabetic  complications  (41),  indicating  that  the 
pathological  effects  of  AGE  and  PKC  on  tissues  may  be 
interrelated  at  the  level  of  induction  of  PKC  by  AGE.  In 
addition,  PKC  pathways  have  been  shown  to  regulate  FN 
induction  in  various  cell  types,  including  human  fibroblasts 
(30).  The  PKC  inhibitor  concentrations  of  GF109203X  used  in 
the  current  work  (0.2  pxi)  are  consistent  with  the  published 
amounts  required  for  specifically  blocking  PKC  activity  of 
both  conventional  and  novel  PKC  isoforms  (33).  Although 
the  isoform (s)  of  PKC  that  is  mediating  the  effect  of  AGE  on 
FN  remains  to  be  described,  this  study  demonstrates  a  link 
between  AGE  and  PKC  in  human  dermal  fibroblasts,  two 
major  proposed  mechanisms  involved  in  the  pathogenesis  of 
diabetic  complications. 

The  intracellular  second  messenger  systems  mediating  the 
up-regulation  of  ECM  by  CTGF  have  been  studied  to  a  lim¬ 
ited  extent  only.  Inhibition  of  the  induction  of  type  1  collagen 
by  cAMP  in  human  dermal  fibroblasts  has  been  described 
without  evidence  of  regulation  by  cellular  PKC  activity  (42). 
Second  messenger  systems  affecting  the  previously  observed 
up-regulation  of  FN  mRNA  by  rhCTGF  in  human  fibroblasts 
(15)  have  not  been  reported  before  this  work.  The  current 
studies  show  that  the  induction  of  FN  mRNA  by  rhCTGF  is 
fully  blocked  by  a  pan-specific  PKC  inhibitor  in  this  cell 
system.  These  data  using  the  PKC  inhibitor  do  not  indicate 
the  number  of  cellular  signaling  intermediates  involved  and 
the  sequence  of  the  effect.  Further  work  is  needed  to  better 
define  the  second  messenger  pathways  involved,  and  the 
specific  PKC  isoform(s)  mediating  the  effect  is  also  part  of  an 
ongoing  study.  CTGF  cellular  signaling  in  fibroblast  cells  has 
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Fig,  7.  FN  mRNA  up-regulation  by 
AGE  BSA  and  by  rhCTGF  is  blocked 
by  the  pan-specific  PKC  inhibitor, 
GF109203X.  A,  Duplicate  wells  of  con¬ 
fluent  primary  cultures  of  human  fibro¬ 
blasts  (CRL-2097)  under  serum  free 
conditions  were  preincubated  for  2  h  in 
the  presence  or  absence  of  the  PKC  in¬ 
hibitor  GF109203X  (0.2  pM).  Then  AGE 
or  control  BSA  (each  at  100  pg/ml)  in  A 
and  B  or  rhCTGF  (250  ng/ml)  in  C  and 
D  was  added,  and  RNA  was  collected  at 
48  h.  FN  mRNA  in  A  and  C  and  CTGF 
mRNA  in  B  and  D,  each  analyzed  by 
real-time  quantitative  RT-PCR  and  cor¬ 
rected  for  18S  are  shown.  For  A-D,  the 
means  ±  1  SD  of  three  independent  ex¬ 
periments  are  shown.  *,  P  <  0.05  vs. 
same  reagent  addition  but  with  no  ad¬ 
dition  of  GF109203X. 


Control  BSA  (100  (ig/mL)  +_  +  - 

AGE  BSA  (100  pg/mL)  _  +  -  + 


AGE  BSA  (100  pg/mt)  -  +  -  4 


GF109203X  (0.2  pM)  4  4  GF109203X(0.2pM)  --44 


GF109203X  (0.2  pM)  +  +  GF109203X  (0.2  (lM)  -  -  + 


been  linked  to  CTGF-induced  activation  of  cell  surface  re¬ 
ceptors,  such  as  the  platelet-derived  growth  factor  receptor 
(43)  and,  when  in  solid  phase,  the  integrin  receptor,  a6p1  (44). 
Which  of  these  receptors,  if  any,  is  involved  in  FN  up- 
regulation  by  CTGF,  through  a  PKC-dependent  mechanism, 
will  require  further  study. 

Recently,  PKC  activity  has  been  shown  to  regulate  CTGF 
mRNA  in  fibroblasts.  A  previous  report  showed  that  block¬ 
ing  conventional  and  novel  PKC  isoform  activity  in  combi¬ 
nation  by  using  GF109203X  and  other  PKC  inhibitors,  or  PKC 
depletors,  caused  an  induction  of  CTGF  mRNA  under  con¬ 
ditions  of  high  FCS  in  the  conditioned  media  (45).  The  FCS 
content  likely  contributed  to  prominent  basal  PKC  activity 
and  the  detection  of  the  inhibition  of  CTGF  gene  expression 
by  basal  PKC  activity  (46).  That  only  a  slight  and  nonsig¬ 
nificant  induction  of  CTGF  mRNA  was  observed  by 
GF109203X  in  the  current  study  in  the  basal  state  (Fig.  7)  may 
reflect  low  cellular  PKC  activity  in  these  serum-deprived 
cells.  Low  PKC  activity  under  serum-free  conditions  has 
been  observed  previously  by  other  groups  (47).  As  well  as 
having  no  significant  effect  in  the  basal  state,  GF109203X  also 
did  not  significantly  affect  the  autoinduction  of  CTGF  mRNA 
by  rhCTGF  in  the  current  work  (Fig.  7D). 

The  finding  that  CTGF  is  a  mediator  in  AGE  induction  of 
FN  in  vitro  may  have  relevance  in  diabetic  complications. 
Based  on  previous  work,  there  is  a  rationale  to  potentially 
link  AGE  effects  and  diabetic  complications  with  the  induc¬ 
tion  of  CTGF  and  ECM  in  skin  and,  by  association,  with 
pathology  in  other  tissues.  A  feature  commonly  present  in 
human  diabetes  is  skin  thickening  and  contracture,  termed 
diabetic  sclerosis.  This  affects  mainly  the  distal  extremities 


and  is  characterized  by  expansion  of  extracellular  matrix, 
fibroblast  proliferation,  and  angiogenesis  (48).  The  presence 
of  overt  diabetic  sclerosis  of  skin  is  correlated  with  the  pres¬ 
ence  and  future  development  of  other  end-organ  complica¬ 
tions  (49).  AGE  products  are  increased  in  human  diabetic 
skin  (3)  as  is  FN  (50,  51),  and  the  levels  of  AGE  in  skin  also 
correlate  positively  with  the  presence  of  diabetic  microvas- 
cular  kidney  and  eye  disease  (3,  4).  That  the  ability  of  CTGF 
to  induce  fibrosis  has  been  well  characterized  in  skin  (15, 42) 
makes  skin  fibroblasts  a  relevant  cell  model  for  the  current 
study. 

Our  work  provides  potential  links  in  diabetic  complica¬ 
tions  characterized  by  ECM  expansion.  Interactions  between 
AGE  effects  and  PKC  activity  have  been  described,  and  AGE 
induced  up-regulation  of  the  profibrotic  agent  CTGF,  which 
itself  contributes  to  AGE-induced  ECM  expansion  through  a 
PKC-dependent  mechanism,  has  been  observed.  This  work 
contributes  toward  further  understanding  mechanisms  in¬ 
volved  in  the  development  of  chronic  diabetes  complica¬ 
tions,  particularly  those  characterized  by  ECM  expansion 
and  fibrosis. 
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Erratum 


In  the  article  by  Dennis  D.  Rasmussen  el  al.  ( Endocrinology  140:1009-1012,  1999),  part  of  Table  1  appeared 
incorrectly.  The  values  in  the  row  beginning  with  T3  actually  correspond  to  T4,  and  the  values  in  the  row 
beginning  with  T4  correspond  with  T3.  The  correct  table  appears  below.  The  authors  regret  the  error. 

Table  1.  Effect  of  aging  and  melatonin  treatment  on  hormones  involved  with  energy  regulation  and 
body  composition 


Hormone 

Units 

Young 

Middle  Age 

Control 

Middle  Age 
Melatonin 

Leptin 

ng/ml 

3.48  ±  0.27 

8.28  ±  1.486 

3.27  ±  0.45 

Insulin 

ng/ml 

2.75  ±  0.25 

3.48  ±  0.53 

2.57  ±  0.25 

Testosterone 

ng/ml 

1.95  ±  0.26 

0.67  ±  0.08“ 

0.68  +  0.23" 

Corticosterone 

ng/ml 

26.6  ±  11.5 

12.2  ±  3.8 

20.7  ±  7.0 

T4 

ng/ml 

56.1  ±  2.1 

36.0  ±  3.4° 

36.3  ±  2.9“ 

T3 

ng/ml 

0.87  ±  0.11 

0.93  ±  0.04 

0.99  ±  0.03 

IGF-1 

pg/ml 

1.82  ±  0.05 

1.66  ±  0.04“ 

1.55  ±  0.04" 

Data  represent  the  mean  ±  sem  of  8  rats/group.  “  P  <  0.05  vs.  Young.  6  P  <  0.05  vs.  Young  and  vs.  Melatonin. 
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Abstract.  Hepatoblastoma  is  a  poorly  understood  rare  pediatric 
liver  tumour.  We  have  previously  shown  that  the  IGF-axis  is 
seriously  disrupted  in  this  tumour  type.  With  the  recent 
discovery  that  several  other  proteins  also  have  the  potential  to 
bind  to  IGFs  called  insulin-like  growth  factor  binding  protein 
related  proteins  (IGFBP-rPs),  we  undertook  an  examination 
of  several  such  genes  in  a  series  of  hepatoblastomas  with 
matched  normal  liver  tissue.  The  expression  profiles  obtained 
reveal  that  the  expression  of  these  genes  are  also  disturbed  in 
these  tumours,  and  may  have  implications  for  our  under¬ 
standing  of  the  IGF-axis  and  its  importance  in  this  disease. 

Introduction 

Hepatoblastoma  is  a  rare  pediatric  liver  disease  with  an 
incidence  of  between  0.5-1. 5  per  million  children  (1).  Most 
hepatoblastomas  are  sporadic,  but  some  familial  inherited 
disorders,  most  notably  Beckwith-Wiedemann  (BWS),  and 
familial  adenomatous  polyposis  (FAP),  are  associated  with  an 
increased  risk  for  developing  hepatoblastomas.  Pre-operative 
chemotherapy  regimes  have  proven  to  be  extremely  successful 
for  treating  this  disease,  but  an  understanding  of  the  molecular 
processes  behind  the  development  of  hepatoblastoma  has 
lagged. 

Gene  expression  studies  have  revealed  that  several  genes 
show  altered  expression  in  hepatoblastomas.  These  include 
genes  involved  with  modifying  chromatin,  cell  growth  and  cell 
cycle  control  (2,3).  We  have  previously  shown  that  the  insulin¬ 
like  growth  factor  axis  is  greatly  altered  in  hepatoblastoma 
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not  only  at  the  level  of  the  growth  factors  themselves  but  also 
to  their  receptors  and  binding  proteins  (4,5).  Because  the 
IGF-axis  plays  an  important  role  in  many  diverse  cellular 
functions  including  the  promotion  of  cell  growth  and  cell 
survival,  such  alterations  may  be  critical  to  this  tumour  type. 

Recently  an  increasing  number  of  proteins  have  been 
identified  to  have  the  ability  to  bind  to  the  insulin-like  growth 
factors  albeit  with  low  affinity.  This  has  led  to  them  being 
called  insulin-like  growth  factor  binding  related  proteins  or 
IGFBP-rPs,  although  some  controversy  exists  as  to  them  being 
renamed.  While  the  concept  of  an  IGFBP  superfamily  with 
shared  N-terminal  domain  is  incontrovertible,  the  role  of  these 
proteins  in  modulating  IGF  action  is  still  uncertain  (6,7).  These 
include  the  proteins  CTGF,  NovH  and  TAF  all  of  which  have 
been  shown  to  have  altered  expression  in  cancer  (6). 

Because  these  genes  may  have  functional  roles  with  regard 
to  the  IGF-axis  and  have  been  shown  to  have  altered  expression 
in  various  cancers  we  sought  to  examine  their  expression  in 
series  of  hepatoblastoma  for  which  matched  normal  liver  was 
available  and  in  which  the  IGF-axis  has  been  shown  to  be 
altered,  in  an  attempt  to  assess  whether  their  expression  may 
also  be  altered  as  a  consequence  of  the  tumour. 

Materials  and  methods 

Samples.  Twelve  sporadic  hepatoblastomas  were  examined 
in  this  study.  For  eight  of  these,  matched  normal  liver  tissue 
was  available.  All  of  the  tumours  with  the  exception  of  cases 
6  and  7  were  freeze-sectioned  into  1  mm  portions  interrupted 
by  5  pm  sections.  The  1-mm  sections  were  used  for  RNA 
isolation,  while  the  interrupted  thin  sections  were  prepared 
for  histopathological  evaluation.  These  samples  were  fixed  in 
formalin,  stained  and  processed  with  hematoxylin  and  eosin 
in  the  usual  manner.  The  results  of  this  evaluation  are  presented 
in  Table  I,  along  with  particulars  for  each  sample.  Human 
fetal  livers  (14-  and  1 8-week)  were  obtained  from  therapeutic 
terminations,  with  the  permission  of  the  local  ethics  committee. 
Due  to  the  nature  of  such  procedures,  limited  amounts  of  tisuue 
were  obtained,  and  where  available  the  mRNA  was  included 
in  the  analyses. 
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Table  I.  Clinical  data  for  the  tumour  samples  used  in  the  study. 


Case 

no. 

Age  at 
diagnosis 
(months) 

Sex 

Histology 

Pre-operative 

chemotherapy 

i 

6 

M 

Epithelial 

No 

2 

19 

M 

Epithelial 

Yes 

3 

19 

M 

Epithelial 

Yes 

4 

22 

M 

Epithelial/ 

mesenchymal 

Yes 

5 

54 

M 

Epithelial 

Yes 

6 

2 

M 

Fetal 

No 

7 

12 

F 

Fetal 

Yes 

8 

36 

M 

Not  available 

Yes 

9 

11 

F 

Fetal 

No 

10 

13 

M 

Fetal 

No 

11 

8 

F 

Epithelial/ 

mesenchymal 

No 

12 

18 

M 

Not  available 

Yes 

Nucleic  acid  isolation.  Total  RNA  was  prepared  as  described 
previously  (8). 

Preparation  of  probe  and  RNase  protection  analysis.  T3,  T7 
and  Sp6  RNA  polymerases  (Invitrogen)  were  used  to  make 
antisense  RNA  probes  from  the  following  templates  according 
to  the  protocol  provided  in  the  RPA  II  kit  (Ambion).  When 
incorporating  radioactivity  into  the  probe,  radioactive  32P-UTP 
with  a  specific  activity  of  800  Ci/mmol  was  used.  Cold  UTP 
was  added  such  that  final  UTP  specific-activity  was  80  Ci / 
mmol  for  the  GAPDH  probe  and  400  Ci/mmol  for  the  others. 

The  probes  used  in  this  study  were  prepared  as  follows: 
To  measure  IGFBP-rPl  ( Mac25/TAF/PSF)  expression,  a 
SmaVKpnl  fragment  from  the  full  length  cDNA  contained  in 
pcDNA3.1  (9),  was  blunted  and  subcloned  into  the  EcoKV  site 
of  pBluescript  II  SK  (-)  (Stratagene).  When  linearised  with 
Hindlll  a  probe  of  320  bases  could  be  generated  using  T3  RNA 
polymerase  of  which  210  bases  hybridize  to  IGFBP-rPl 
specific  transcripts. 

IGFBP-rP2  ( CTGF )  expression  was  measured  using  a 
217  bp  Smal  fragment  from  the  full  length  IGFBP-rP2 
(pFastBacl  IGFBPrP2)  (10)  cloned  into  the  EcoRV  site  of 
pBluescript  II  SK  (-).  Following  linearization  with  £coRI,  a 
probe  of  237  bases  could  be  generated  with  T7  of  which  217 
bases  hybridize  to  IGFBP-rP2  mRNA  and  protect  from 
RNase. 

A  template  for  IGFBP-rP4  (Cyr61)  was  generated  by 
cloning  a  214  bp  SmallPstl  fragment  of  the  full  length  cDNA 
from  a  pBK-CMV  plasmid  containing  the  full  length  Cyr61 
mRNA  (generous  gift  from  Dr  P.  Berta)  (1 1)  into  pBluescript 
II  SK  (-).  Following  linearization  with  ZscoRI  a  probe  of 
305  bases  could  be  generated  with  T3  RNA  polymerase  of 
which  214  bases  hybridize  specifically  to  IGFBP-rP4  specific 
mRNA  transcripts. 

IGFBP-rP5  ( L56/HtraA )  expression  was  measured  by 
cloning  a  186  bp  /fvall  fragment  from  a  pUC19  plasmid 


Figure  1.  RNase  protection  analysis.  Representative  results  for  each  gene 
examined  in  the  hepatoblastomas.  GAPDH  was  used  as  an  internal  control 
in  each  sample  for  use  in  the  quantitation  of  gene  expression.  GAPDH  is 
indicated  with  an  arrow.  Letters  indicate  the  protected  band  for  each  gene  as 
follows:  A,  IGFBP-rPl ;  B,  IGFBP-rP2-,  C,  !GFBP-rP4\  D,  IGFBP-rPS. 


containing  the  full  length  cDNA  (kind  gift  of  Dr  B.  Treub) 
(12)  into  the  Smal  site  of  pGem3Zf(+)  (Promega).  Following 
linearization  with  2?coRI  a  probe  of  approximately  255  bases 
could  be  generated  with  SP6  of  which  186  bases  hybridize 
specifically  to  IGFBP-rP5  mRNA  transcripts. 

All  of  the  plasmids  described  above  were  sequenced,  in 
order  to  ensure  that  the  fragment  cloned  corresponded  to  the 
gene  under  examination.  Sequencing  was  carried  out  with  11 
Sequenase  according  to  the  manufacturer's  instructions 
(United  States  Biochemical).  RNase  protection  was  carried  out 
according  to  the  protocol  given  with  the  RPA  II  kit. 

Analysis  of  expression.  Quantification  of  the  RPA  results  was 
obtained  using  phosphorimager  analysis  (BAS-1000,  Fuji 
Photo  Film  Co.,  Ltd)  with  GAPDH  mRNA  levels  utilized  as  the 
internal  control  in  each  case.  The  values  for  the  gene  under 
scrutiny  were  normalised  to  the  internal  control. 

Results 

RNase  protection  analysis.  Following  sectioning  and  histo- 
pathological  examination  (Table  I),  total  RNA  was  isolated 
and  gene  expression  was  measured  using  RNase  protection 
analysis.  A  representative  image  of  the  results  obtained  for 
each  gene  examined  is  shown  in  Fig.  1 .  The  results  of  each 
analysis  are  described  in  more  detail  in  the  following  sections. 

Expression  of  IGFBP-rPl  (Mac25/TAF/PSF)  in  hepato¬ 
blastoma.  We  examined  the  mRNA  expression  levels  of 
IGFBP-rPl  in  a  series  of  matched  hepatoblastomas  and  the 
corresponding  normal  liver  tissue  from  patients  between  the 
ages  of  2  and  54  months.  Included  in  the  analysis  were  some 
hepatoblastomas  with  no  counterpart  normal  tissues  and  fetal 
liver  samples.  The  results  of  this  analysis  are  shown  in  Fig.  2. 
In  four  of  the  eight  matched  tumours  expression  of  this  gene 
was  downregulated  when  compared  to  their  matched  normal 
counterparts.  In  the  unmatched  sample  tumours,  two  had 
expression  which  was  below  the  average  normal  liver  values. 
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Figure  2.  RNase  protection  analysis  of  IGFBP-rPl  expression.  Analysis  of 
total  IGFBP-rPl  transcripts  in  hepatoblastomas.  GAPDH  expression  is  used 
as  the  internal  control  for  quantification  purposes.  In  all  the  following 
figures  the  Y-axis  units  represent  the  values  for  each  gene  divided  by  the 
value  obtained  for  the  housekeeping  gene  GAPDH  (in  this  case:  IGFBP-rPl/ 
GAPDH)  as  determined  by  phosphorimager  analysis  and  following  the 
adjustments  as  described  in  Materials  and  methods.  The  mean  ±  standard 
error  of  the  mean  was  also  calculated  for  the  normal  liver  (N),  and  graphed 
along  with  the  individual  samples.  Matched  tumours  are  those  samples  for 
which  normal  liver  was  taken  from  the  same  individual  at  time  of  surgery. 
Unmatched  tumours  are  those  samples  for  which  normal  liver  tissue  was 
unavailable.  Fetal  livers  were  included  to  compare  against  normal  liver  and 
tumour  expression. 
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Figure  3.  RNase  protection  analysis  of  IGFBP-rP2  expression.  Using  RNase 
protection  analysis  IGFBP-rP2  transcripts  were  quantified  and  graphed  as 
described  in  Fig.  2. 


downregulated  in  the  tumours.  Thus,  6  out  of  12  (50%) 
tumours  showed  downregulated  expression  of  this  gene. 
However,  in  cases  3,  5  and  7  (25%  of  the  tumours)  IGFBP-rPl 
was  greatly  upregulated  in  these  tumours. 

Expression  of  IGFBP-rP2  (CTGF)  in  hepatoblastoma.  Next 
we  examined  the  expression  of  IGFBP-rP2  in  these  samples. 
One  tumour  (case  7)  showed  greatly  increased  expression 
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Figure  4.  RNase  protection  analysis  of  IGFBP-rP4  expression.  Quantification 
of  IGFBP-rP4  transcripts  in  hepatoblastomas.  Following  quantification,  the 
results  were  graphed  as  described  in  Fig.  2. 


Figure  5.  RNase  protection  analysis  of  IGFBP-rPS  expression.  Quantification 
of  IGFBP-rPS  transcripts  in  hepatoblastomas.  Following  RNase  protection 
analysis,  the  results  were  quantified  and  graphed  as  described  in  Fig.  2. 


over  its  corresponding  normal  liver  (Fig.  3).  Two  other  samples 
(cases  3  and  5)  showed  slightly  elevated  levels  of  expression. 
Including  the  unmatched  tumours,  four  samples  (33%)  have 
upregulated  expression  of  IGFBP-rP2.  In  the  matched  tumours, 
downregulated  expression  of  this  gene  was  observed  in  three 
tumours  (cases  2,  6  and  8).  One  of  the  unmatched  tumours 
also  showed  decresaed  expression  of  this  gene  and  two 
samples  had  unaltered  expression. 

Expression  of  !GFBP-rP4  (Cyr61)  in  hepatoblastoma.  When 
IGFBP-rP4  expression  was  examined  most  of  the  tumours 
were  observed  to  have  reduced  levels  of  expression  of  this 
gene  in  comparison  with  their  matched  normal  liver  (Fig.  4). 
The  exceptions  to  this  were  cases  3  and  7  which  showed 
upregulated  expression.  Of  these,  case  7  had  greatly  increased 
expression  of  IGFBP-rP4.  In  the  unmatched  samples  two 
samples  showed  lower  levels  of  expression  than  the  average 
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Table  II.  Expression  patterns  of  the  IGFB-rPs  in  hepato¬ 
blastomas.8 


Case  no.  IGFBP-rPl  lGFBP-rP2  IGFBP-rP4  IGFBP-rP5 


1 

N/t 

N 

A 

A 

2 

A 

A 

A 

A 

3 

T 

t 

T 

T 

4 

l 

A/N 

A 

A 

5 

T 

T/N 

A/N 

T 

6 

A 

A 

A 

A 

7 

T 

T 

t 

A 

8 

A 

A 

A 

A 

9 

N 

A/N 

A 

A 

10 

l 

l 

A 

A 

11 

l 

N 

T/N 

A 

12 

T 

t 

N 

n.d. 

*T,  increased  expression;  A,  decreased  expression;  N,  normal 
expression;  N/T,  normal  or  slightly  increased  expression;  N/A, 
normal  or  slightly  decreased  expression;  n.d.,  not  determined. 


normal  liver  value.  Overall,  7  of  12  (58%)  samples  of  the 
hepatoblastomas  showed  downregulated  expression  of  this 
gene. 

Expression  of  IGFBP-rP5  (HTRA/L56)  in  hepatoblastoma. 
The  levels  of  mRNA  transcripts  for  IGFBP-rP5  were  then 
measured  in  these  samples.  In  almost  all  cases  expression  of 
this  gene  was  downregulated  in  the  matched  tumour  samples 
compared  to  their  normal  liver  counterparts  (Fig.  5).  Two 
samples,  cases  3  and  5  showed  an  increased  level  of 
expression  of  IGFBP-rP5.  All  of  the  unmatched  tumours  had 
levels  of  expression  below  that  of  average  normal  liver.  If 
these  are  taken  into  account,  9  out  of  1 1  (82%)  hepato¬ 
blastomas  had  downregulated  expression  of  !GFBP-rP5. 

Discussion 

In  the  present  study  we  have  examined  the  mRNA  expression 
of  four  genes  whose  products  have  recently  been  identified  as 
having  the  ability  to  bind  IGFs  at  low  affinity  in  a  series  of 
hepatoblastomas  in  relation  to  their  matched  normal  tissues 
(summarized  in  Table  II).  Previously  we  have  reported  that 
many  members  of  the  IGF-axis  have  altered  expression  in 
these  samples  including  the  IGFs  which  may  therefore  lead 
to  increased  mitogenic  signalling  within  their  surroundings 
(2,4).  IGFBPs  are  critical  regulators  of  IGF  activity,  and  by 
binding  to  IGFs  they  form  biologically  inactive  complexes 
which  in  addition  to  increasing  the  half-life  of  the  growth 
factor,  also  modulate  the  binding  of  the  IGFs  to  their  cognate 
receptors  (6).  Thus,  the  newly  identified  IGFBP-rPs  may  also 
prove  to  have  important  roles  in  regulating  IGF  signalling  in 
addition  to  their  other  roles  (6,7). 

IGFBP-rPl  has  been  shown  to  be  a  potential  tumour 
suppressor  (6)  and  decreased  expression  of  this  gene  has 


been  observed  in  higher  stage  breast  cancer  (13).  In  addition, 
downregulation  of  this  gene  by  methylation  has  been  shown 
to  be  important  for  tumorigenesis  in  a  mouse  model  of  liver 
cancer  (14).  As  such,  the  decreased  expression  of  this  gene  in 
some  of  our  samples  may  reflect  the  loss  of  tumour  suppressive 
capability,  or  it  may  indicate  that  increased  methylation  of 
this  gene  may  be  occurring  in  those  samples.  Cases  3,  5  and 
7  however  have  greatly  increased  expression  of  this  gene, 
and  this  may  indicate  an  attempt  to  regulate  or  suppress  the 
tumour. 

IGFBP-rP2  or  CTGF  is  a  major  mitogenic  factor  for 
connective  tissue  cells.  It  has  also  been  shown  to  be  specifically 
expressed  in  the  maligant  lymphoblasts  of  patients  with  acute 
lymphoblastic  leukemia  (15).  In  our  samples  three  tumours 
have  increased  expression  of  this  gene,  with  one  sample  in 
particular  (case  7),  having  greatly  enhanced  expression,  and 
may  therefore  lead  to  increased  mitogenic  signalling  in  these 
particular  tumours. 

IGFBP-rP4  ( Cyr61 )  has  also  been  implicated  in  cancer 
where  it  has  been  shown  to  be  downregulated  in  prostate 
cancer  (16).  However  overexpression  of  this  gene  in  a  xeno¬ 
graft  model  appears  to  promote  tumour  growth  (17).  In  our 
analysis  of  hepatoblastomas,  one  sample  (case  7)  has  a  very 
high  overexpression  of  this  gene  compared  to  its  matched 
normal  liver,  and  this  may  be  a  reflection  of  increased  growth 
potential  in  this  tumour.  However,  five  of  the  samples  also 
showed  reduced  expression  of  this  gene  in  a  manner  similar 
to  that  observed  for  prostate  cancer  (16). 

IGFBP-rP5  (L56/HtrA)  is  an  interesting  protein  because  it 
has  serine  protease  activity.  One  feature  of  the  IGF-axis  is 
that  the  IGFBPs  themselves  are  regulated  in  part  by  the 
actions  of  serine  proteases.  The  cleavage  of  such  binding 
proteins  could  therefore  increase  the  availability  of  free  IGFs, 
leading  to  increased  mitogenic  signalling.  IGFBP-rP5  has 
been  shown  to  be  able  to  cleave  IGFBP-5  and  as  such  over¬ 
expression  of  this  gene  may  enhance  the  mitogenic  signalling 
by  IGFs  in  the  vicinity  of  the  tumour  (6).  In  our  samples  two 
hepatoblastomas  (cases  3  and  5)  showed  elevated  expression 
of  this  serine  protease.  However,  in  most  cases  the  expression 
of  this  gene  is  reduced,  and  this  may  signal  an  attempt  by  the 
tumours  to  limit  the  mitogenic  signalling  in  their  vicinity.  It  is 
interesting  to  note  that  the  same  samples  which  show  elevated 
IGFBP-rP5  also  have  a  concommitant  overexpression  of 
IGFBP-5  indicating  that  the  regulation  of  IGFBP-5  may  be 
linked  to  IGFBP-rP5  activity  (18). 

In  conclusion,  the  data  presented  indicate  that  in  hepato¬ 
blastomas,  the  IGF-axis  is  seriously  disturbed,  extending 
even  to  the  members  of  the  low  affinity  insulin-like  growth 
factor  binding  protein  related  proteins,  confirming  the 
importance  of  this  axis  in  the  pathogenesis  of  this  disease. 
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The  IGF-binding  protein  (IGFBP) -related  proteins  (rPs)  are  a 
group  of  recently  described  cysteine-rich  proteins  that  share 
significant  amino-terminal  structural  similarity  with  the  con¬ 
ventional  IGFBPs.  IGFBP-rPl  (also  known  as  MAC25/angio- 
modulin/prostacyclin-stimulating  factor  and  T1A12),  regu¬ 
lates  cellular  proliferation,  adhesion,  and  angiogenesis  and 
stimulates  prostacyclin  synthesis.  We  characterized  new 
monoclonal  antibodies  generated  against  IGFBP-rPl  and 
have  used  them  to  study  the  distribution  of  IGFBP-rPl  in 
human  biological  fluids  and  tissues.  Additionally,  we  have 
developed  a  noncompetitive  sandwich-type  immunoassay  to 
quantitate  the  concentrations  of  IGFBP-rPl  in  human  serum. 
IGFBP-rPl  was  readily  detectable  in  serum,  urine,  amniotic 
fluid,  and  cerebrospinal  fluid  by  immunoblot  analysis.  Eval¬ 
uation  of  the  newly  developed  immunoassay  demonstrated 
acceptable  analytical  performance,  with  a  detection  limit  of 
0.7  pg/liter,  a  dynamic  range  of  3.1-100  pg/liter,  and  intra-  and 
interassay  coefficients  of  variation  of  2.5-6.8%  and  3.1-6.4%  at 


approximately  24-85  ng/ml  IGFBP-rP-1,  respectively.  No  sig¬ 
nificant  cross-reactivity  with  IGFBP-1-6  was  observed.  In 
random  normal  human  adult  sera  (n  =  37),  the  median  IGFBP- 
rPl  was  21.0  pg/liter,  and  values  did  not  correlate  with  levels 
of  IGF-I  (r  =  0.085,  P  =  0.61),  IGF-II  (r  =  0.051,  P  =  0.75),  or 
IGFBP-3  (r  =  0.061,  P  =  0.74).  The  monoclonal  anti-IGFBP-rPl 
antibodies  also  readily  detected  IGFBP-rPl  expression  in  hu¬ 
man  tissue  sections,  with  preferential  expression  of  IGFBP- 
rPl  in  the  microvascular  endothelium  associated  with  tumor- 
igenesis.  In  summary,  using  newly  developed  IGFBP-rPl 
monoclonal  antibodies,  we  confirm  the  presence  of  IGFBP- 
rPl  in  the  major  human  body  fluids,  provide  quantitative 
normative  data  on  the  concentrations  of  IGFBP-rPl  in  human 
serum,  and  show  preferential  expression  of  IGFBP-rPl  in  the 
microvascular  endothelium  associated  with  tumorigenesis. 
The  use  of  these  novel  IGFBP-rPl  detection  tools  should  prove 
useful  in  the  elucidation  of  the  biological  role(s)  of  this 
protein.  (J  Clin  Endocrinol  Metab  88:  3401-3408,  2003) 


THE  IGF  SYSTEM  comprises  two  ligands,  IGF-I  and  IGF- 
II,  six  IGF-binding  proteins  (IGFBPs),  IGFBP-1  to  -6, 
and  two  receptors,  type  1  and  type  2  IGF  receptors  (1).  Re¬ 
cently  the  IGFBP  family  has  been  expanded  to  include  the 
IGFBP-related  proteins  (IGFBP-rPs),  which  share  significant 
structural  similarities  with  the  IGFBPs  (2, 3).  Thus,  the  IGFBP 
superfamily  includes  the  six  conventional  IGFBPs,  which 
have  high  affinity  for  IGFs,  and  at  least  10  IGFBP-rPs,  which 
not  only  share  the  conserved  amino-terminal  domain  of  the 
IGFBPs  but  also  show  some  degree  of  affinity  for  IGFs  and 
insulin  in  several,  but  not  all,  assay  systems  (4-7). 

The  IGFBP-rPs  are  a  group  of  cysteine-rich  proteins  that 
control  diverse  cellular  functions,  such  as  cellular  growth, 
cellular  adhesion  and  migration,  and  synthesis  of  extra¬ 
cellular  matrix.  In  addition,  these  proteins  are  involved  in 


Abbreviations:  AF,  Amniotic  fluid;  CCN,  connective  tissue  growth 
factor/Cyr61/Nov;  CSF,  cerebrospinal  fluid;  CTGF,  connective  tissue 
growth  factor;  HRP,  horseradish  peroxidase;  IGFBP,  IGF-binding  pro¬ 
tein;  IGFBP-rP,  IGF-binding  protein-related  protein;  rh,  recombinant 
human;  WIB,  Western  immunoblot. 


biological  processes  that  include  development  and  differen¬ 
tiation,  reproduction,  angiogenesis,  wound  repair,  inflam¬ 
mation,  fibrosis,  and  tumorigenesis  (3). 

IGFBP-rPl  was  initially  identified  as  a  gene  differentially 
expressed  in  normal  leptomeningeal  and  mammary  epithe¬ 
lial  cells,  compared  with  their  counterpart  tumor  cells,  and 
named  meningioma-associated  cDNA  (MAC25)  (8).  The  ex¬ 
pressed  protein  was  independently  purified  as  a  tumor- 
derived  adhesion  factor  (later  renamed  angiomodulin)  (5, 9) 
and  as  a  prostacyclin-stimulating  factor  (10).  It  has  addition¬ 
ally  been  reported  as  T1 A12,  a  gene  down-regulated  in  breast 
carcinomas  (11). 

Although  the  biological  roles  of  IGFBP-rPl  have  not  been 
clearly  established,  there  is  a  growing  body  of  evidence  that 
suggests  that  it  may  act  as  a  tumor  suppressor  gene.  IGFBP- 
rPl  is  preferentially  expressed  in  normal  (vs.  neoplastic) 
meningeal,  mammary,  and  prostatic  cells  (8,  12,  13);  it  is 
up-regulated  during  senescence  of  mammary  and  prostatic 
cells  (14,  15);  loss  of  heterozygosity  of  the  IGFBP-rPl  locus 
has  been  observed  in  50%  of  cancerous  breast  tissues  in  one 
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study  (11);  and  IGFBP-rPl  shows  growth  inhibitory  effects 
when  overexpressed  in  prostate  cancer  cells  (16, 17)  or  breast 
cancer  cells  (18). 

In  addition,  IGFBP-rPl  may  have  an  important  role  in 
vascular  biology.  It  has  been  detected  in  tube-like  structures 
in  vitro  (19)  and  high  endothelial  cells  (20,  21)  and  is  pref¬ 
erentially  localized  in  the  basement  membrane  of  neocapil¬ 
laries,  like  those  seen  in  tumor  tissues  (5, 22, 23).  Furthermore, 
analysis  of  genes  differentially  expressed  in  endothelial  cells 
indicates  that  IGFBP-rPl  expression  is  up-regulated  in 
tumor-derived  endothelium  (24).  A  role  for  IGFBP-rPl  in 
vascular  biology  emerges  from  demonstrations  that  IGFBP- 
rPl  is  capable  of  stimulating  the  synthesis  of  the  vasodilator 
prostacyclin  in  cultured  endothelial  cells  and  may,  therefore, 
be  involved  in  maintaining  the  permeability  of  newly  syn¬ 
thesized  capillaries  (10). 

We  recently  generated  and  characterized  a  polyclonal  anti- 
IGFBP-rPl  antibody  and  identified  IGFBP-rPl  in  condi¬ 
tioned  media  from  cultured  human  mammary  and  prostatic 
cells  and  in  human  biological  fluids  (12,  25).  In  this  report, 
we  further  characterize  the  presence  of  IGFBP-rPl  in  human 
biological  fluids  using  anti-IGFBP-rPl  monoclonal  antibod¬ 
ies.  In  addition,  we  provide  quantitative  data  on  serum 
IGFBP-rPl  using  a  newly  developed  IGFBP-rPl  immunoas¬ 
say  and  examine  the  distribution  of  IGFBP-rPl  protein  in 
human  tissues. 

Materials  and  Methods 

Materials 

HPLC-purified  IGFBP-1  from  human  amniotic  fluid  was  kindly  pro¬ 
vided  by  Dr.  D.  R.  Powell  (Baylor  College  of  Medicine,  Houston,  TX); 
rhIGFBP-2,  -4,  -5,  and  -6  were  purchased  from  Austral  Biologicals  (San 
Ramon,  CA);  rhIGFBP-3,  a  nonglycosylated  29-kDa  core  protein  ex¬ 
pressed  in  Escherichia  coli  was  a  generous  gift  from  Celtrix,  Inc.  (Santa 
Clara,  CA).  C-terminallyFLAG-tagged  rhIGFBP-rPI,  CTGF,  and  NovH 
were  expressed  in  a  baculovirus  system  as  previously  reported  (2, 4, 26). 
Baculovirus-generated  nontagged  rhIGFBP-rPI  protein  was  purified 
over  SP  Sepharose  (Sigma  Chemical  Co.,  St.  Louis,  MO)  column  equil¬ 
ibrated  in  MES  buffer  [50  idm  N-morpholino-ethenesulfonic  acid 
(pH  6.0),  2  mM  EDTA,  and  1  mM  phenylmethylsulfonyl  fluoride].  IGFBP- 
rPl  protein  retained  on  the  column  was  eluted  with  an  NaCl  gradient 
[0.2-1.0  m  in  2-(N-morpholine)  ethane  sulfonic  acid  buffer].  Fractions 
containing  recombinant  human  (rh)IGFBP-rPl  were  pooled  and  dia¬ 
lyzed  against  PBS.  Analysis  for  protein  purity  and  quantitation  was  as 
previously  described  (4).  125I-IGF-I  and  125I-IGF-II  were  gifts  from  Di¬ 
agnostic  Systems  Laboratories  (Diagnostic  Systems  Laboratories,  Web¬ 
ster,  TX). 

Nitrocellulose  and  electrophoresis  reagents  were  purchased  from 
Bio-Rad  Laboratories,  Inc.  (Hercules,  CA).  Polyclonal  antibodies  against 
IGFBP-rPl FLAG,  CTGFFLAG,  and  NovHFLAG  were  generated  in  rabbits,  as 
previously  described  (2,  25,  26).  The  IgG  fractions  were  purified  by  a 
protein  A  affinity  column  (Amersham,  Arlington  Heights,  IL).  Mono¬ 
clonal  antibodies  against  IGFBP-rPl  (designated  no.  1  through  11)  were 
produced  against  the  baculovirus-generated  rhIGFBP-rPlFLAG  de¬ 
scribed  above.  Horseradish  peroxidase  (HRP)-linked  donkey  antirabbit 
and  sheep  antimouse  IgG  antibodies  and  enhanced  chemiluminescence 
detection  reagents  were  purchased  from  Amersham. 

Human  biological  fluids  were  obtained  as  anonymous  samples  from 
the  Oregon  Health  Sciences  University  Central  Laboratory  and  were 
residuals  from  routine  clinical  test  samples.  They  were  from  apparently 
healthy  adult  subjects  [i.e.  with  no  known  acute  or  chronic  diseases);  for 
cerebrospinal  fluid  (CSF),  samples  from  both  apparently  healthy  adult 
and  pediatric  subjects  were  analyzed.  Additional  serum  and  urine  sam¬ 
ples  were  collected  from  apparently  healthy  adult  volunteers.  The  pro¬ 
tocol  was  approved  by  the  hospital  Institutional  Review  Board,  and 
informed  consent  was  obtained  from  the  healthy  adult  volunteers. 


Adult  serum  samples  included  in  the  analysis  were  from  18  women 
aged  25-76  yr  and  19  men,  aged  25-67  yr.  On  collection,  blood  samples 
were  allowed  to  clot,  then  separated;  after  clinical  testing,  the  residuals  were 
used  for  these  studies  within  48  h  of  collection.  Spot  urine  samples  were 
from  20  women,  aged  18-78  yr,  and  10  men,  aged  28-81  yr,  collected  after 
the  first  morning  void.  Urinalysis  abnormalities  excluded  samples  to  be 
further  tested  for  IGFBP-rPl.  Samples  were  stored  at  -80  C  after  centrif¬ 
ugation  to  discard  the  cellular  pellet.  Residuals  samples  of  amniotic  fluid 
were  from  normal  pregnancies  between  15  and  20  wk  gestation  and  were 
stored,  after  centrifugation,  at  -80  C  until  use.  Residual  samples  from 
normal  CSF  (two  women,  four  men,  two  boys,  age  range  for  the  whole 
group:  4-88  yr)  were  also  stored  at  -80  C  until  use.  Urine,  amniotic  fluid 
(AF),  and  CSF  were  screened  for  IGFBP-rPl  within  2  months  of  collection. 

Generation  of  monoclonal  anti-IGFBP-rPl  antibodies 

Five  10-wk-old  Balb/c  mice  (Charles  River,  NC)  were  immunized 
with  50  pg/m\  baculovirus-generated  rhIGFBP-rPI FLAG  protein  with 
Freund's  complete  adjuvant  (ICN  Biomedicals  Inc.,  Aurora,  OH).  Three 
boosters  (30  fig  rhIGFBP-rPlFLAG  with  Freund's  incomplete  adjuvant) 
were  given  at  30-d  intervals.  Two  of  the  mice  with  high  titers  of  anti¬ 
bodies  against  rhIGFBP-rPI FLAG  were  identified  and  were  subsequently 
used  for  hybridoma  generation.  A  third  booster  (75  fig  rhlGFBP- 
rPlFLAG)  was  administered  to  the  selected  mice,  and  fusion  was  per¬ 
formed  according  to  Lane  (27). 

The  resulting  hybridomas  were  screened  as  follows;  IgG  from  hy- 
bridomal  cell  culture  supernatants  was  captured  on  goat  antimouse 
IgG-coated  plates  (DSL).  After  2  h,  the  plates  were  washed  three  times 
with  PBS-Tween  20  (0.01  m),  and  further  incubated  with  100  fil  biotin¬ 
ylated  IGFBP-rPl FLAG  protein  (200  ng/ml  in  PBS-Tween  with  1%  BSA 
and  1%  goat  serum).  After  washing  with  PBS-Tween,  the  plates  were 
incubated  with  avidin-HRPO  (Zymed  Laboratories  Inc.,  South  San  Fran¬ 
cisco,  CA)  for  30  min,  and  the  signal  was  developed  with  TMB  (Life 
Technologies  Inc.,  Grand  Island,  NY).  To  obtain  pure  clones,  limiting 
dilution  to  1  cell  /well  was  performed  for  all  positive  hybridoma  colonies 
and  the  resultant  monoclonals  confirmed  by  plate  assays.  The  11  clones 
are  designated  no.  1  to  11  in  this  report  and  represent  the  following 
isolated  clones:  1, 1B4A;  2,  1B4B;  3, 1B4C;  4, 1D1A;  5, 1D1B;  6,  2A2A;  7, 
2A2B;  8,  2C4A;  9,  2C4B;  10.  2C4C;  and  11,  2C5. 

Immunoadsorption  of  IGFBP-rPl  polyclonal  antibody 

Aliquots  of  the  IGFBP-rPl  polyclonal  antiserum  were  incubated  over¬ 
night  at  4  C  with  either  rhlGFBP-rPlFLAC  at  a  ratio  of  15  fxg/fxl  of 
antiserum  (subsequently  designated  preadsorbed  fraction)  or  buffer 
alone  (immune  fraction).  To  remove  the  rhIGFBP-rPI  /anti-IGFBP-rPl 
immune  complexes,  equal  volumes  of  anti-FLAG  M2  agarose  beads 
(Sigma)  were  added  to  the  aliquots  above,  and  samples  were  incubated 
for  another  hour  at  4  C.  Samples  were  pelleted  (5  min,  at  12,000  g)  and 
supernatants  collected  and  frozen  for  subsequent  Western  immunoblot 
(WIB)  studies. 

WIB  studies 

For  the  initial  characterization  of  the  IGFBP-rPl  monoclonal  anti¬ 
bodies,  conditioned  medium  from  normal  human  prostate  epithelial 
cells,  which  are  known  to  secrete  large  amounts  of  IGFBP-rPl  protein 
(12),  was  used  as  the  source  of  endogenous  IGFBP-rPl.  Equal  amounts 
of  total  protein  per  lane  were  dissolved  in  nondenaturing  SDS  sample 
buffer  [0.5  mol/liter  Tris  (pH  6.8),  1%  SDS,  10%  glycerol,  and  brom- 
phenol  blue]  and  boiled  for  5  min.  Samples  were  electrophoresed  on  1 5% 
SDS-polyacrylamide  gels,  electroblotted  onto  nitrocellulose,  and  mem¬ 
branes  blocked  with  4%  milk-TBS-T  [Tris-buffered  saline-Tween-20 
(0.1%)]  for  1  h  at  22  C.  Western  blots  were  incubated  with  IGFBP-rPl 
polyclonal  antiserum  (IgG  fraction,  6  pg/pY)  at  a  1:3000  dilution  or  with 
IGFBP-rPl  monoclonal  antibodies  (IgG  fraction,  1  pg/ p\)  at  a  dilution 
of  1:2000  in  TBS-T  overnight  at  4  C.  Membranes  were  washed  with  TBS-T 
and  incubated  for  1  h  at  22  C  with  a  1:3000  dilution  of  HRP-linked 
antirabbit  or  antimouse  IgG  secondary  antibodies.  Proteins  of  interest 
were  detected  with  enhanced  chemiluminescence  reagents,  according  to 
the  manufacturer's  protocol. 

For  the  characterization  of  IGFBP-rPl  in  human  biological  fluids, 
representative  samples  from  healthy  human  subjects  were  prepared 
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similarly  and  resolved  on  15%  SDS-polyacrylamide  gels.  Normal  human 
serum  was  concentrated  10-fold  using  a  heparin  affinity  column  (Am- 
ersham)  before  these  studies.  Immunoblotting  of  nitrocellulose  mem¬ 
branes  involved:  1)  both  the  immune  and  the  preadsorbed  fractions  of 
the  IGFBP-rPl  antiserum,  and  2)  anti-IGFBP-rPl  monoclonal  antibody 
no.  5  and/or  10. 

Western  ligand  blotting 

Equimolar  amounts  of  IGFBPs  and  IGFBP-rPs  were  resuspended  in 
SDS  sample  buffer  and  resolved  on  15%  SDS-polyacrylamide  gels.  Sep¬ 
arated  proteins  were  electroblotted  onto  nitrocellulose  membranes. 
Membranes  were  rinsed  in  3%  IGEPAL  (Sigma)  in  TBS-T  for  30  min  at 
22  C,  blocked  with  1%  BSA  IGEPAL  (Sigma)  in  TBS-T  for  1  h  at  22  C  and 
incubated  with  2  X  106  cpm  of  a  mixture  of  I25I-IGF  and  125I-IGF-II  in 
1%  BSA/TBS-T  overnight  at  4  C.  Membranes  were  washed,  dried,  and 
exposed  to  Biomax  film  (Eastman  Kodak  Co.,  Rochester,  NY). 

IGFBP-rPl  ELISA  development 

Anti-IGFBP-rPl  monoclonal  antibodies  were  employed  to  construct 
a  noncompetitive  sandwich-type  immunoassay  (see  below).  The  anti¬ 
body  selection  was  based  on  extensive  pair-wise  evaluations  in  both 
one-step  (equilibrium)  and  two-step  (sequential)  immunoreaction  for¬ 
mats.  Using  this  protocol,  combinations  of  the  11  different  anti-IGFBP- 
rPl  monoclonal  antibodies  were  analyzed.  The  protocol  optimization 
was  based  on  the  initial  evaluation  of  a  number  of  factors  that  could 
potentially  affect  detection  limit,  dynamic  range,  precision,  and  delayed 
sample  addition  (28).  Antibody  combinations  demonstrating  favorable 
analytical  performances  were  further  assessed  for  accuracy  and  com¬ 
parative  IGFBP-rPl  determinations.  The  sources  of  the  raw  materials 
and  composition  of  the  various  buffers  employed  have  been  previously 
described  (29,  30). 

IGFBP-rPl  antibody  coating  to  microtiter  wells  was  performed  at  a 
concentration  of  0.25-20  mg/liter  by  using  previously  published  meth¬ 
ods  (29,  30).  The  IGFBP-rPl  detection  antibodies  were  coupled  to  HRP 
as  previously  described  (29).  IGFBP-rPl  calibrators  were  prepared  by 
appropriately  diluting  the  recombinant  IGFBP-rPl  in  a  protein-based 
buffer  matrix  [0.05  mol/liter  sodium  phosphate  (pH  7.4),  9  g/liter  NaCl, 
6  g/liter  BSA,  and  0.5%  Proclin  300],  The  preparation  was  stable  for  at 
least  5  d  at  4  C  and  more  than  6  months  at  -70  C. 

IGFBP-rPl  ELISA  protocol 

Calibrators  or  samples  (0.020  ml)  were  added  in  duplicate  to  the 
precoated  wells,  followed  by  addition  (0.1  ml)  of  the  detection  antibody- 
HRP  conjugate  (diluted  in  the  assay  buffer  to  approximately  0.1-0.25 
mg/liter)  and  4  h  of  incubation  at  room  temperature  with  continuous 
shaking.  The  wells  were  washed  five  times  and  incubated  with  0.1 
ml/well  of  the  TMB/H202  substrate  solution  for  10  min.  Stopping 
solution  (0.1  ml)  was  then  added  and  absorbance  measured  by  dual¬ 
wavelength  measurement  at  450  nm  with  background  wavelength  cor¬ 
rection  set  at  620  nm.  Absorbance  measurements  and  ELISA  data  anal¬ 
ysis  were  performed  with  the  Labsystems  Multiskan  Multisoft 
microplate  reader  (Labsystems,  Helsinki,  Finland). 

The  best  performances  were  obtained  with  a  coating  antibody  con¬ 
centration  of  10  mg/liter  (1000  ng/0.1  ml/well),  a  detection  antibody 
concentration  of  approximately  0.1-0.25  mg/liter  (10-25  ng/0.1  ml  per 
well),  a  sample  size  of  0.02  ml,  and  a  4-h  one-step  (equilibrium)  ELISA 
configuration.  With  this  protocol,  the  differences  in  assay  results  caused 
by  1-  to  20-min  delay  between  addition  of  the  same  samples  into  the 
coated  wells  was  less  than  10%. 

IGFBP-rPl  ELISA  validation  procedures 

The  lower  limit  of  detection  (sensitivity)  was  determined  by  inter¬ 
polating  the  mean  plus  2  SD  of  12  replicate  measurements  of  the  zero 
calibrator.  The  intraassay  coefficients  of  variation  were  determined  by 
replicate  analysis  (n  =  12)  of  four  samples  at  IGFBP-rPl  concentrations 
of  approximately  10-50  /x  g/liter  in  one  run  and  interassay  coefficients 
of  variation  by  duplicate  measurement  of  the  samples  in  12  separate 
assays.  Recovery  was  assessed  by  adding  25  p.1  recombinant  IGFBP-rPl 
diluted  in  the  standard  matrix  to  225  /xl  of  three  sera  and  analyzing  the 


spiked  and  unspiked  samples.  Percent  recovery  was  determined  by 
comparison  of  the  amount  of  added  IGFBP-rPl  with  the  amount  mea¬ 
sured  after  subtracting  the  endogenous  IGFBP-rPl  levels.  Linearity  was 
tested  by  analyzing  three  serum  samples  serially  diluted  (2-  to  8-fold) 
in  the  zero  calibrator  of  the  assay. 

The  standard  range  and  performance  characteristics  of  IGFBP-rPl  are 
summarized  in  Table  1.  Analysis  of  IGFBP-1,  IGFBP-2,  IGFBP-4-6  (up 
to  500  pg/liter)  and  IGFBP-3  (up  to  5  mg/liter)  did  not  show  any 
cross-reactivity  or  interference.  There  was  no  cross-reactivity  with  IGF-I 
or  IGF-II  (up  to  600  ^g/liter)  added  to  the  assay  zero  standard  followed 
by  IGFBP-rP-1  analysis  (data  not  shown). 

Immunohistochemistry 

Anonymous  samples  of  normal  and  neoplastic  human  tissues  were 
provided  by  the  Cancer  Pathology  Shared  Resource  of  the  Oregon  Can¬ 
cer  Center.  These  samples  had  been  collected  in  the  fresh  state  shortly 
after  surgical  resection  and  either  snap  frozen  in  optimal  cutting  tem¬ 
perature  embedding  compound,  using  a  dry-ice/pentane  slurry,  or 
fixed  in  10%  buffered  formalin.  The  fixed  tissues  were  processed  and 
embedded  in  paraffin  using  standard  techniques. 

Five-micrometer  sections  of  the  frozen  samples  were  prepared  in  a 
cryostat,  placed  on  Fisherbrand  Plus  slides  (Fisher  Scientific,  Pittsburgh, 
PA)  and  allowed  to  air  dry  for  15  min  at  room  temperature.  Dried  slides 
were  wrapped  in  cellophane  and  stored  at  -80  C.  The  cryostat  sections 
were  allowed  to  warm  to  room  temperature  and  then  fixed  for  10  min 
in  freshly  prepared  1%  paraformaldehyde/PBS.  Five-micrometer  sec¬ 
tions  of  the  paraffin-embedded  tissues  were  cut  on  a  microtome  and 
placed  on  Fisherbrand  Plus  slides.  The  slides  were  deparaffinized 
through  xylenes  and  alcohol  and  then  placed  in  TBS  buffer  for  use  in 
immunohistochemistry. 

Immunohistochemistry  was  performed  using  an  automated  immu- 
nostainer  (DAKO  Corp.,  Carpinteria,  CA),  with  all  steps  carried  out  at 
room  temperature.  Antibodies  were  diluted  in  a  buffer  containing  1% 
BSA,  0.1%  Tween  20,  0.1%  sodium  azide  in  PBS.  TBS  was  used  for  all 
wash  steps.  Following  a  10-min  incubation  in  dilution  buffer,  primary 
antibody  (IgG  fractions  of  anti-IGFBP-rPl  polyclonal  or  the  anti-IGFBP- 
rPl  monoclonal  antibodies)  was  added  at  a  concentration  of  1  p-g/ml  for 
45  min,  followed  by  washing  and  application  of  the  secondary  antibody. 
The  secondary  antibody  (at  a  1:400  dilution)  was  either  biotinylated  goat 
antirabbit  or  biotinylated  horse  antimouse  (Vector  Laboratories,  Bur¬ 
lingame,  CA).  After  30-min  incubation  with  the  secondary  antibody,  the 
samples  were  treated  with  quench  buffer  (methanol/6%  H202),  washed, 
and  bound  antibodies  were  detected  using  the  Vectastain  Elite  ABC  kit 
(Vector  Laboratories)  as  per  the  manufacturer's  recommendations.  Pre¬ 
mixed  DAB  solution  (DAKO)  was  used  in  the  final  reaction  (10  min). 
Slides  were  counterstained  with  hematoxylin  before  dehydration  and 
coverslipping. 

Results 

Characterization  of  IGFBP-rPl  monoclonal  antibodies 

Anti-IGFBP-rPl  monoclonal  antibodies  (IgG  fractions) 
were  initially  screened  by  WIB  for  their  ability  to  recognize 
rhIGFBP-rPlFLAG  protein.  As  shown  in  Fig.  1A,  baculovirus- 
generated  rhIGFBP-rPlFLAG  protein  was  detected  by  both  the 
panel  of  monoclonal  antibodies  (no.  1  through  10)  and  the 
polyclonal  anti-IGFBP-rPl  antibody.  Anti-IGFBP-rPl  mono¬ 
clonal  antibody  no.  11  was  significantly  less  potent  in  rec- 


TABLE  1.  IGFBP-rPl  ELISA  validation  data 


Assay  parameters 

Performance  characteristics 

Detection  limit  (ug/liter) 

0.7  ug/liter 

Standard  range  (ug/liter) 

3.1-100 

Intra-assay  CV  (%) 

2.5-6. 8 

Inter-assay  CV  (%) 

3.1-6.4 

Recovery  of  added  IGFBP-rPl  (%) 

106  ±  10% 

Recovery  after  dilution  (%) 

108  ±  8.6% 

CV,  Coefficient  of  variation. 
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such  as  serum,  urine,  AF,  and  CSF  using  these  antibodies  In 
pooled  normal  human  serum  from  healthy  adults,  both  the 
polyclonal  anti-IGFBP-rPl  antibody  and  the  panel  of  mono¬ 
clonal  antibodies  recognized  an  approximately  31-kDa  pro¬ 
tein  that  ran  at  slightly  higher  molecular  mass  than  the  bac- 
ulovirus-generated  rhIGFBP-rPlFLAG.  Furthermore,  the 
specificity  of  this  band  was  demonstrated  by  immunoblot- 
ting  with  an  rhIGFBP-rPlFLAG  preadsorbed  fraction  of  the  * 
polyclonal  antibody  (Fig.  3A).  Similarly,  distinct  and  specific 
IGFBP-rPI  bands  were  detected  by  both  the  polyclonal  anti- 
IGFBP-rPl  antibody  and  monoclonal  anti-IGFBP-rPl  anti 
bodies  in  pooled  normal  human  urine,  AF,  and  CSF  from 
healthy  adults  (Fig.  3B).  The  lower  sensitivity  of  the  mono- 
clonals  can  be  attributed  to  the  fact  that  nonreducing  con¬ 
ditions  were  employed  for  these  WIB  analyses  because,  as 
demonstrated  above  (see  Fig.  1),  reducing  conditions  en- 


Fig.  1.  Characterization  of  anti-IGFBP-rPl  monoclonal  antibodies. 
Immunoreactivity  of  11  anti-IGFBP-rPl  monoclonal  antibodies  was 
compared  with  our  polyclonal  anti-IGFBP-rPl  antibody  (25).  A,  WIB 
using  rhIGFBP-rPlFLAO  and  the  IgG  fractions  of  these  antibodies.  B, 
WIB  using  conditioned  media  from  normal  prostate  epithelial  cells, 
which  are  known  to  secrete  large  amounts  of  IGFBP-rPI  (15).  C,  Same 
as  in  B,  except  a  reducing  agent  (dithiothreitol)  was  added  to  the 
conditioned  media  before  gel  electrophoresis. 


IGFBPs 


IGFBP-rPs 


1  2  3  4  5  6  1  2  3  Mr  x  103 


ognizing  the  recombinant  protein.  We  next  examined  the 
ability  of  these  antibodies  to  identify  human  nonrecombinant 
(endogenous)  IGFBP-rPI .  As  shown  in  Fig.  IB,  all  11  anti- 
IGFBP-rPl  monoclonal  antibodies  and  the  polyclonal  anti- 
IGFBP-rPl  antibody  recognized  the  secreted  IGFBP-rPI  in 
conditioned  medium  from  normal  human  prostate  epithelial 
cells  (15).  Although  the  sensitivity  of  the  monoclonal  antibodies 
for  endogenous  IGFBP-rPI  appeared  to  be  lower  than  that  of 
the  polyclonal  antibody,  the  sensitivity  of  the  antibodies  for 
human  endogenous  IGFBP-rPI  was  comparable  when  electro¬ 
phoresis  was  performed  under  reducing  conditions  (Fig.  1C). 

IGFBP-rPI  is  structurally  related  to  the  conventional 
IGFBPs  as  well  as  to  other  members  of  the  IGFBP  superfamily 
(3),  like  connective  tissue  growth  factor  (CTGF)  (31)  and 
NovH  (32),  both  members  of  the  CTGF/Cyr61/Nov  (CCN) 
family.  To  confirm  the  specificity  of  the  anti-IGFBP-rPl 
monoclonal  antibodies,  equimolar  amounts  of  the  six  IGFBPs 
(IGFBP-1  through  6),  rhIGFBP-rPlFLAG,  CTGFflag  (2)  and 
NovHflag  (26)  were  electrophoresed  and  immunoblotted 
with  two  representative  anti-IGFBP-rPl  monoclonal  anti¬ 
bodies  (no.  5  and  10).  Neither  of  these  antibodies  cross- 
reacted  significantly  with  CTGFflag,  NovHflag,  or  any  of 
the  IGFBPs  (Fig.  2A).  The  presence  of  these  proteins  was 
demonstrated  by  immunoblotting  the  same  membranes  with 
anti-CTGF  and  anti-NovH  antibodies  (data  not  shown)  and 
by  Western  ligand  blotting  with  125I-IGF-I  and  I2SI-IGF-II  for 
the  IGFBPs  (Fig.  2B). 

Characterization  of  IGFBP-rPI  in  normal  human  biological 
fluids  by  WIB 

Once  the  sensitivity  and  specificity  of  the  anti-IGFBP-rPl 
monoclonal  antibodies  were  demonstrated,  we  investigated 
the  presence  of  IGFBP-rPI  in  the  major  human  body  fluids. 
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Fig.  2.  Specificity  of  anti-IGFBP-rPl  monoclonal  antibodies.  Mono¬ 
clonal  anti-IGFBP-rPl  antibody  (no.  5)  was  tested  against  equimolar 
amounts  of  IGFBPs  (IGFBP-I  through  6)  and  rhIGFBP-rPlFLAC, 
CTGFflag  (2),  NovHFLAG  (26).  Note  that  rhIGFBP-3  is  Escherichia 
coli  expressed  and  nonglycosylated,  with  a  molecular  mass  of  29  kDa. 
Identical  results  were  obtained  with  monoclonal  anti-IGFBP-rPl  no. 
10  (data  not  shown).  A,  WIB.  B,  Western  ligand  blot.  The  W'lB  in  A 
was  incubated  with  [125]IGF-I  and  [125]IGF-II  (ligand  blot)  to  confirm 
the  presence  of  the  six  IGFBPs. 
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Fig.  3.  WIB  studies  of  IGFBP-rPI  in  human  body  fluids.  A,  Two- 
microliter  aliquots  of  10-fold  heparin  affinity  column-concentrated 
normal  human  serum  were  electrophoresed  in  triplicate  and  immu¬ 
noblotted  with  polyclonal  anti-IGFBP-rPl  antibody,  rhlGFBP- 
rPlFLAG.preads0rbed  fraction  of  anti-IGFBP-rPl  polyclonal  antibody, 
or  a  representative  monoclonal  antibody  (no.  5  and/or  10).  Baculo- 
virus-generated  rhIGFBP-rPI  (100  ng)  was  run  as  control  (“C”).  B, 
Similar  WIB  studies  were  carried  out  with  human  urine  (50  pi),  AF 
(20  pi),  CSF  (50  pi),  and  rhIGFBP-rPI  (100  ng)  as  control  (“C”). 


L6p£z„Bermejo  et  al.  •  IGFBP-rPl/MAC25  Monoclonal  Antibodies  and  Immunoassay 


J  Clin  Endocrinol  Metab,  July  2003,  88(7):3401-3408  3405 


hance  the  affinity  of  the  monoclonals  for  endogenous 
IGFBP-rPl. 

Quantification  of  IGFBP-rPl  in  normal  human  serum 
by  ELISA 

An  IGFBP-rPl  noncompetitive  sandwich-type  immuno¬ 
assay  (see  Materials  and  Methods)  was  developed  to  analyze 
individual  human  serum  samples.  The  IGFBP-rPl  ELISA 
standard  curve  for  the  assay  is  shown  in  Fig.  4. 

In  normal  human  adult  sera  (n  =  37),  the  median  IGFBP- 
rPl  was  21.0  /x g/liter  (Table  2).  The  values  did  not  correlate 
with  IGF-I  (r  =  0.085,  P  =  0.61),  IGF-1I  (r  =  0.051,  P  =  0.75), 
or  IGFBP-3  (r  =  0.061,  P  =  0.74)  levels.  A  sexual  dimorphism 
in  circulating  IGFBP-rPl  was  evident,  with  higher  IGFBP-rPl 
concentrations  in  male  subjects  (26.3  ±  6.8,  n  =  19  vs.  19.8  ± 
9.2,  n  =  18;  P  =  0.01).  In  matched  samples  from  normal  adult 
males  and  females  (n  =  13),  median  IGFBP-rPl  levels  were 
similar  in  serum,  plasma-EDTA,  and  plasma-heparin 
(ANOVA  P  =  0.768)  and  were  20.8,  19.9,  and  22.0  ng/ml, 
respectively.  The  anti-IGFBP-rPl  antibodies  also  immuno- 
detected  circulating  IGFBP-rPl  in  other  mammals  (e.g.  pigs 
and  cows)  but  not  rodents  (data  not  shown).  IGFBP-rPl  in  the 
matched  samples,  in  fetal  bovine  serum,  as  well  as  the  re¬ 
combinant  (nontagged)  form,  was  stable  at  4  C  for  at  least  4  d. 

Distribution  of  IGFBP-rPl  in  human  tissues 

Immunostaining  of  human  tissues  with  IGFBP-rPl  anti¬ 
bodies  generated  against  a  decapeptide  in  the  C  terminus  of 
IGFBP-rPl  has  been  reported  by  Akaogi  et  al.  (5)  and  more 
recently  by  Degeorges  et  al.  (33).  With  our  panel  of  charac¬ 
terized  antibodies,  the  tissue  distribution  of  IGFBP-rPl  in 


IGFBP-rPl  ELISA  Standard  Curve 


Fig.  4.  IGFBP-rPl  ELISA  standard  curve.  Linearity  of  the  curve  is 
as  indicated  (R2). 


TABLE  2.  IGFBP-rPl  levels  in  human  body  fluids 


Sample 

Mean 

Median 

SD 

Range 

n 

Serum 

All 

23.1 

21.0 

8.6 

9.9-40 

37 

Male 

26.3 

27.3 

6.8 

15.6-37.9 

19 

Female 

19,8 

17.5 

9.2 

9.9-40.0 

18 

cryostat  sections  of  normal  and  malignant  human  tissues  was 
analyzed. 

To  ascertain  the  specificity  of  the  immunostaining,  parallel 
tissue  sections  (Fig.  5,  A  and  B,  lung  squamous  carcinoma 
tissue)  were  initially  prepared  with  both  the  polyclonal 
anti-IGFBP-rPl  antibody  and  antibody  preadsorbed  with 
rhIGFBP-rPlFLAG.  Figure  5A  shows  typical  positive  immu¬ 
nostaining  (arrows),  which  was  reduced  to  background  with 
the  preadsorbed  fraction  of  the  polyclonal  antibody  (Fig.  5B, 
arrows).  Identical  patterns  of  staining  were  observed  in  these 
sections  with  the  monoclonal  anti-IGFBP-rPl  antibodies  (Fig. 
5C,  lung  squamous  carcinoma  tissue). 

In  normal  tissues  (prostate,  breast,  and  colon),  immuno- 
reactivity  was  weak  and  limited  to  small  blood  vessels  (Fig. 
5D,  normal  prostate).  Diffuse  staining  of  the  stroma  was  also 
observed.  TTie  immunostaining  was,  however,  notably  en¬ 
hanced  in  the  endothelial  cells  of  the  microvasculature  of 
most  of  the  human  cancer  tissues  examined  (lung,  prostate, 
colon),  using  either  the  polyclonal  or  the  monoclonal  anti- 
IGFBP-rPl  antibodies  (Figs.  5,  A,  C,  E,  and  F).  L,;  : 

Immunohistochemical  analysis  of  IGFBP-rPl  expression 
was  extended  to  include  paraffin-embedded  tissue  sections 
(data  not  shown).  Unlike  frozen  tissue  sections,  only  the 
monoclonal  anti-IGFBP-rPl  antibodies  were  capable  of  de¬ 
tecting  IGFBP-rPl  expression,  but  the  overall  signal  was  less 
robust  than  that  detected  in  frozen  tissue  sections.  The  pat¬ 
tern  of  staining,  however,  remained  the  same,  with  immu¬ 
nostaining  predominantly  identified  in  vascular  endothe¬ 
lium,  particularly  in  the  microvasculature  of  tumor  tissues. 

Discussion 

The  biological  roles  of  IGFBP-rPl  have  been  evaluated  in 
numerous  studies  and  include  diverse  actions,  such  as  tumor 
suppression  (8, 11, 12, 14, 16, 34),  stimulation  of  prostacyclin 
synthesis  (10),  and  involvement  in  angiogenesis  (5, 19,  24). 

We  previously  characterized  a  polyclonal  anti-IGFBP-rPl 
antibody  and  identified  IGFBP-rPl  in  conditioned  media 
from  cultured  human  cells  as  well  as  in  human  biological 
fluids  (25).  Here  we  extend  these  studies  with  the  charac¬ 
terization  of  new  anti-IGFBP-rPl  monoclonal  antibodies  to 
study  the  distribution  of  IGFBP-rPl  in  human  biological 
fluids  and  tissues.  These  monoclonal  antibodies,  like  the 
polyclonal  antibody,  do  not  cross-react  with  the  six  conven¬ 
tional  IGFBP  proteins  or  proteins  of  the  CCN  family.  All  11 
of  the  monoclonal  antibodies  specifically  recognize  the  ap¬ 
proximately  31-kDa  secreted  IGFBP-rPl  protein  in  condi¬ 
tioned  medium  from  cultured  human  cells. 

Here  we  also  show  for  the  first  time  quantitative  data  on 
serum  IGFBP-rPl  in  humans  and  indicate  a  dimorphic  dis¬ 
tribution  of  circulating  IGFBP-rPl,  with  higher  concentra¬ 
tions  of  IGFBP-rPl  in  males.  Because  IGFBP-rPl  could  be 
down-regulated  by  estrogens,  according  to  one  report  (8),  a 
plausible  mechanism  for  the  lower  concentrations  of  circu¬ 
lating  IGFBP-rPl  in  females  could  be  its  tonic  inhibition  by 
estrogens.  Although  the  assay  was  not  developed  to  quan¬ 
titate  IGFBP-rPl  in  other  body  fluids,  the  assay  readily  de¬ 
tected  IGFBP-rPl  in  human  urine,  AF,  and  C5F  (data  not 
shown),  consistent  with  the  findings  obtained  by  immuno- 
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Fig.  5.  Immunohistochemical  analyses  of  IGFBP-rPl  in  normal  and  malignant  human  tissues.  Cryostat  sections  of  various  human  tissues  were 
fixed  on  slides  and  immunohistochemistry  analysis  performed  using  either  the  polyclonal  or  representative  monoclonal  antibodies  (no.  5  and/or 
10).  Representative  sections  are  as  shown.  Arrows  indicate  regions  of  specific  immunostaining.  A,  Lung  squamous  carcinoma  immunostained 
with  the  IgG  fraction  of  anti-IGFBP-rPl  polyclonal  antibody  (oIGFBP-rPl  polyclonal).  B,  Parallel  section  of  A  immunostained  with  the 
preadsorbed  fraction  of  alGFBP-rPl  polyclonal  antibody.  C,  Lung  squamous  carcinoma  immunostained  with  the  IgG  fraction  of  anti-IGFBP-rPl 
monoclonal  antibody  no.  10.  Identical  results  were  obtained  with  monoclonal  antibody  no.  5  (data  not  shown).  D,  Normal  prostatic  tissue 
immunostained  with  alGFBP-rPl  polyclonal.  E,  Prostate  cancer  stained  with  alGFBP-rPl  monoclonal  no.  10.  F,  Colon  cancer  stained  with 
polyclonal  alGFBP-rPl  antibody.  Magnification,  X200  (A-D)  and  X400  (E  and  F). 


blot  analysis.  Further  investigations  are  warranted  to  eval¬ 
uate  the  clinical  significance  of  these  observations. 

Both  the  polyclonal  and  the  panel  of  monoclonal  anti- 
IGFBP-rPl  antibodies  were  capable  of  detecting  IGFBP-rPl 
in  major  human  body  fluids,  such  as  serum,  urine,  AF,  and 
CSF.  Interestingly,  the  IGFBP-rPl  protein  detected  in  most  of 
these  samples  (with  the  exception  of  amniotic  fluid)  ap¬ 
peared  to  be  of  a  slightly  higher  molecular  mass  than  the 
rhIGFBP-rPlFLAG  protein  (Fig.  3).  This  observation  may  be 
accounted  for  by  differences  in  glycosylation  or  other  post- 
translational  modifications  between  the  baculovirus-gener- 
ated  recombinant  protein  and  human  IGFBP-rPl  detected  in 
body  fluids.  These  observations  are  consistent  with  the  mo¬ 
lecular  weight  of  IGFBP-rPl  protein  detected  in  the  condi¬ 
tioned  media  of  mammalian  cells  (12,  15,  25). 

To  further  characterize  IGFBP-rPl  protein  expression  in 
vivo,  we  used  the  panel  of  anti-IGFBP-rPl  antibodies  to  eval¬ 
uate  IGFBP-rPl  distribution  in  tissues.  For  both  the  poly¬ 
clonal  and  panel  of  monoclonal  antibodies,  frozen  tissue 
sections  were  superior  to  paraffin-embedded  sections  for 
immunodetection.  Identical  patterns  of  staining  in  the  frozen 
tissues  were  observed  with  polyclonal  and  monoclonal  an¬ 
tibodies,  and  the  staining  appears  to  be  specific  because 
preclearing  of  the  relevant  IgG  fraction  with  rhlGFBP- 
rp|FLAG  pr0fejn  abrogated  the  signals.  Most  striking  was  that 
the  distribution  of  IGFBP-rPl  was  predominantly  among 
endothelial  cells  of  tumor  tissues,  with  reduced,  but  detect¬ 


able,  signals  in  endothelial  cells  of  normal  tissues  and  in  the 
stroma  of  all  tissues  examined.  Similar  observations  were 
made  with  the  paraffin-embedded  tissue  sections. 

Our  findings  concur,  in  part,  with  other  reports  of  the 
IGFBP-rPl  distribution  in  human  tissues  (5,  11,  33,  35).  In 
these  previous  studies,  the  tissue  sections  examined  were  all 
paraffin  embedded,  and  immunohistochemical  analysis  em¬ 
ployed  an  incompletely  characterized  monoclonal  antibody 
(5)  or  a  polyclonal  antibody  (11,  33,  35)  generated  against  a 
decapeptide  in  the  C  terminus  of  IGFBP-rPl  and,  therefore, 
of  uncertain  specificity.  The  latter  polyclonal  antibody  (11) 
recognized  only  the  reduced  approximately  37-kDa  form  of 
IGFBP-rPl  protein  (33).  Because  our  polyclonal  and  mono¬ 
clonal  antibodies  were  generated  against  intact  IGFBP-rPl 
protein,  the  patterns  and  sensitivity  of  staining  might  be 
expected  to  differ  from  that  of  other  laboratories.  Neverthe¬ 
less,  Akaogi  et  al.  (5)  detected  tumor-derived  adhesion  factor 
(IGFBP-rPl)  immunoreactivity  in  the  vascular  membrane  of 
small  blood  vessels  as  well  as  capillaries  of  diverse  cancer 
tissues  but  not  those  associated  with  normal  tissues.  De- 
georges  et  al.  (33),  in  contrast,  did  observe  immunostaining 
of  normal  endothelial  cells,  but  intense  immunoreactivity 
was  associated  predominantly  with  supporting  cells  of  pe¬ 
ripheral  nerves  and  stromal  cells  of  numerous  tissues. 

The  implication  from  this  present  study  (and  others)  is  that 
not  only  do  endothelial  cells  express  IGFBP-rPl  protein  but 
also  expression  is  considerably  higher  in  endothelial  cells 
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associated  with  cancers.  Intriguingly,  a  recent  comparative 
study  profiling  gene  expression  in  endothelium  derived 
from  normal  and  tumor  tissue  supports  these  observations 
(24).  Analysis  by  serial  analysis  of  gene  expression  deter¬ 
mined  that  IGFBP-rPl  was  the  pan  endothelial  marker  most 
abundantly  expressed  in  endothelial  cells  and  there  was  a 
2-fold  increase  in  gene  expression  in  malignant  tissues  (24). 
These  observations  support  an  important  role  of  IGFBP-rPl 
in  vascular  biology  and,  as  first  proposed  by  Akaogi  et  al.  (5), 
suggest  that  IGFBP-rPl  may  be  involved  in  the  process 
of  neoangiogenesis  in  malignancy.  Furthermore,  because 
IGFBP-rPl  appears  to  induce  prostacyclin  synthesis  in  en¬ 
dothelial  cells  (10),  IGFBP-rPl  may  also  have  roles  in  non- 
cancerous  human  vascular  diseases,  such  as  atherosclerosis 
and  hypertension.  The  new  tools  presented  here  should, 
therefore,  prove  useful  in  dissecting  out  the  involvement  of 
this  protein  in  vascular  function  of  normal  and  malignant 
tissues. 

Other  than  endothelial  cells,  IGFBP-rPl  was  detected 
rarely  in  epithelial  cells  in  our  immunohistochemical  anal¬ 
ysis  of  IGFBP-rPl  distribution.  This  was  somewhat  unex¬ 
pected  because  we  previously  demonstrated  that  epithelial 
cells,  at  least  in  vitro,  do  express  IGFBP-rPl  protein,  and  in 
situ  hybridization  studies  of  normal  prostate  tissues  indicate 
IGFBP-rPl  mRNA  in  glandular  epithelium  that  surrounds 
the  lumen  (12, 15).  The  apparent  contradiction  could  be  due 
to  the  sensitivity  of  antibodies.  Akaogi  et  al.  (5),  similarly,  did 
not  detect  immunostaining  of  epithelial  cells  with  their  an¬ 
tibody.  However,  the  polyclonal  antibody  raised  against  the 
C-terminal  region  of  IGFBP-rPl  was  reactive  to  the  luminal 
epithelial  cell  of  normal  lobules  and  ducts  of  breast  tissues 
(11);  the  tumor  epithelial  cells  of  prostate  tissue  (35);  and 
ciliated  cells  of  bronchial,  epididymal,  and  fallopian  epithelia 
(33).  Thus,  the  variations  in  the  immunoreactivity  of  tissues 
and  cell  types  in  each  study  clearly  depend  on  the  source  of 
antibodies  and,  most  likely,  also  on  the  method  of  tissue 
preparation  and  processing. 

Existing  data  on  IGFBP-rPl  indicate  that  its  role  in  cancer 
remains  to  be  defined.  Based  on  recent  serial  analysis  of  gene 
expression  analysis  (24)  and  immunohistochemical  studies, 
including  the  present  report,  IGFBP-rPl  is  implicated  in  the 
neovascularization  process  so  critical  for  tumor  growth.  This 
contrasts  with  a  growing  body  of  evidence  that  suggests 
IGFBP-rPl  is  a  potential  tumor  suppressor  gene.  In  a  number 
of  cancers,  such  as  breast  (8,  11,  13,  18),  meningiomas  (8), 
prostate  cancer  (12),  and  liver  tumorigenesis  (36),  IGFBP-rPl 
expression  was  down-regulated,  although  expression  ap¬ 
peared  to  be  up-regulated  in  carcinogenesis  of  colon  mucosa 
(23,  37).  Interestingly,  IGFBP-rPl  is  associated  with  a  50% 
loss  of  heterozygosity  (LOH)  in  breast  cancer  (11).  Further¬ 
more,  overexpression  of  IGFBP-rPl  in  a  prostate  cancer  cell 
line  was  shown  to  dramatically  reduce  tumorigenic  potential 
of  the  cell  line  (16, 17),  and  exogenous  addition  of  the  protein 
to  cancer  cell  lines  appeared  to  inhibit  cell  growth  (38).  Taken 
altogether,  these  observations  suggest  that  although  IGFBP- 
rPl  is  clearly  important  in  tumorigenesis,  its  specific  role(s) 
is  still  unclear,  and  most  likely  depends  on  a  number  of 
factors,  including  the  tissue  and  cell  type  under  study,  the 
sensitivity,  and  specificity  of  reagents  used  as  well  as  the 
techniques  employed. 


In  summary,  using  a  panel  of  newly  developed  IGFBP-rPl 
monoclonal  antibodies  and  an  immunoassay,  we  demon¬ 
strate  that  IGFBP-rPl  is  detectable  in  serum  and  other  bio¬ 
logical  fluids  and  provide  quantitative  data  on  the  concen¬ 
trations  of  IGFBP-rPl  in  human  serum.  We  also  have  shown 
distribution  of  IGFBP-rPl  in  human  normal  and  cancerous 
tissues.  IGFBP-rPl  appears  to  be  involved  in  vascular  biol¬ 
ogy,  possibly  in  the  process  of  neoangiogenesis  that  occurs 
in  tumor  tissues.  The  use  of  these  novel  IGFBP-rPl  detection 
tools  should  prove  useful  in  the  elucidation  of  the  biological 
role  of  this  IGFBP  related  protein. 

Acknowledgments 

Received  August  16,  2002.  Accepted  March  24,  2003. 

Address  all  correspondence  and  requests  for  reprints  to:  Ron  G. 
Rosenfeld,  M.D.,  Department  of  Pediatrics-CDRCP,  Oregon  Health  Sci- 
ences  University,  707  SW  Gaines  Road,  Portland,  Oregon  97201.  E-mail: 
rosenfer@ohsu.edu. 

This  work  was  supported  by  NIH  Grant  CA58110  and  DMD17-00- 
1-0042.  A.L.-B.  is  supported  by  a  Fellow  Research  Funding  Grant  from 
Eli  Lilly  &  Co.  and  is  also  a  recipient  of  Grants  97/5309  and  98/9198  from 
the  Fondo  de  Investigacion  Sanitaria,  Spain. 

References 

1.  Jones  JI,  Clemmons  DR  1995  Insulin-like  growth  factors  and  their  binding 
proteins:  biological  actions.  Endocr  Rev  16:3-34 

2.  Kim  HS,  Nagalla  SR,  Oh  Y,  Wilson  E,  Roberts  Jr  CT,  Rosenfeld  RG  1997 
Identification  of  a  family  of  low-affinity  insulin-like  growth  factor  binding 
proteins  (IGFBPs):  characterization  of  connective  tissue  growth  factor  as  a 
member  of  the  IGFBP  superfamily.  Proc  Natl  Acad  Sci  USA  94:12981-12986 

3.  Hwa  V,  Oh  Y,  Rosenfeld  RG  1999  The  insulin-like  factor  binding  protein 
(IGFBP)  superfamily.  Endocr  Rev  20:761-787 

4.  Oh  Y,  Nagalla  SR,  Yamanaka  Y,  Kim  HS,  Wilson  E,  Rosenfeld  RG  1996 
Synthesis  and  characterization  of  insulin-like  growth  factor-binding  protein 
(IGFBP)-7.  Recombinant  human  mac25  protein  specifically  binds  IGF-I  and  -II. 

J  Biol  Chem  271:30322-30325 

5.  Akaogi  K,  Okabe  Y,  Sato  J,  Nagashima  Y,  Yasumitsu  H,  Sugahara  K, 
Miyazaki  K  1996  Specific  accumulation  of  tumor-derived  adhesion  factor  in 
tumor  blood  vessels  and  in  capillary  tube-like  structures  of  cultured  vascular 
endothelial  cells.  Proc  Natl  Acad  Sci  USA  93:8384-8389 

6.  Yamanaka  Y,  Wilson  EM,  Rosenfeld  RG,  Oh  Y  1997  Inhibition  of  insulin 
receptor  activation  by  insulin-like  growth  factor  binding  proteins.  J  Biol  Chem 
272:30729-30734 

7.  Vorwerk  P,  Hohmann  B,  Oh  Y,  Rosenfeld  RG,  Shymko  RM  2002  Binding 
properties  of  insulin-like  growth  factor  binding  protein-3  (IGFBP-3),  IGFBP-3 
N-  and  C-terminal  fragments,  and  structurally  related  proteins  mac25  and 
connective  tissue  growth  factor  measured  using  a  biosensor.  Endocrinology 
143:1677-1685 

8.  Murphy  M,  Pykett  MJ,  Hamish  P,  Zang  KD,  George  DL  1993  Identification 
and  characterization  of  genes  differentially  expressed  in  Meningiomas.  Cell 
Growth  Differ  4:715-722 

9.  Akaogi  K,  Okabe  Y,  Funahashi  K,  Yoshitake  Y,  Nishikawa  K,  Yasunitsu  H, 
Umeda  M,  Miyazaki  K  1994  Cell  adhesion  activity  of  a  30-kDa  major  secreted 
protein  from  human  bladder  carcinoma  cells.  Biochem  Biophys  Res  Commun 
198:1046-1053 

10.  Yamauchi  T,  Umeda  F,  Masakado  M,  Isaji  M,  Mizushima  S,  Nawata  H  1994 
Purification  and  molecular  cloning  of  prostacyclin-stimulating  factor  from 
serum-free  conditioned  medium  of  human  diploid  fibroblast  cells.  Biochem  J 
303:591-598 

11.  Burger  AM,  Zhang  X,  Li  H,  Ostrowski  JL,  Beatty  B,  Venanzoni  M,  Papas  T, 
Seth  A  1998  Down-regulation  of  TlA12/mac25,  a  novel  insulin-like  growth 
factor  binding  protein  related  gene,  is  associated  with  disease  progression  in 
breast  carcinomas.  Oncogene  1 6:2459  -2467 

12.  Hwa  V,  Tomasini-Sprenger  C,  Bermejo  AL,  Rosenfeld  RG,  Plymate  SR 
1998  Characterization  of  insulin-like  growth  factor-binding  protein-related 
protein-1  in  prostate  cells.  J  Clin  Endocrinol  Metab  83:4355-4362 

13.  Landberg  G,  Ostlund  H,  Nielsen  NH,  Roos  G,  Emdin  S,  Burger  AM,  Seth 
A  2001  Downregulation  of  the  potential  suppressor  gene  IGFBP-rPl  in  human 
breast  cancer  is  associated  with  inactivation  of  the  retinoblastoma  protein, 
cyclin  E  overexpression  and  increased  proliferation  in  estrogen  receptor  neg¬ 
ative  tumors.  Oncogene  20:3497-3505 

14.  Swisshelm  K,  Ryan  K,  Tsuchiya  K,  Sager  R  1995  Enhanced  expression  of  an 
insulin  growth  factor-like  binding  protein  (mac25)  in  senescent  human  mam- 


3408  J  Clin  Endocrinol  Metab,  July  2003,  88(71:3401-3408 


Lopez-Bermejo  et  al.  •  IGFBP-rPl/MAC25  Monoclonal  Antibodies  and  Immui 


mary  epithelial  cells  and  induced  expression  with  retinoic  acid.  Proc  Natl  Acad 
Sci  USA  92:4472-4476 

15.  Lopez-Bennejo  A,  Buckway  CK,  Devi  GR,  Hwa  V,  Plymate  SR,  Oh  Y, 
Rosenfeld  RG  2000  Characterization  of  insulin-like  growth  factor-binding 
protein-related  proteins  (IGFBP-rPs)  1,  2,  and  3  in  human  prostate  epithelial 
cells:  potential  roles  for  IGFBP-rPl  and  2  in  senescence  of  the  prostatic  epi¬ 
thelium.  Endocrinology  141:4072-4080 

16.  Sprenger  CC,  Damon  SE,  Hwa  V,  Rosenfeld  RG,  Plymate  SR  1999  Insulin¬ 
like  growth  factor  binding  protein-related  protein  1  (IGFBP-rPl)  is  a  potential 
tumor  suppressor  protein  for  prostate  cancer.  Cancer  Res  59:2370-2375 

17.  Sprenger  CC,  Vail  ME,  Evans  K,  Simurdak  J,  Plymate  SR  2002  Over-expres¬ 
sion  of  insulin-like  growth  factor  binding  protein-related  protein-1  (IGFBP- 
rPl/mac25)  in  the  M12  prostate  cancer  cell  line  alters  tumor  growth  by  a  delay 
in  G1  and  cyclin  A  associated  apoptosis.  Oncogene  21:140-147 

18.  Wilson  HM,  Bimbaum  RS,  Pool  M,  Quinn  LS,  Swisshelm  K  2002  Insulin-like 
growth  factor  binding  protein-related  protein  1  inhibits  proliferation  of  MCF-7 
breast  cancer  cells  via  a  senescence-like  mechanism.  Cell  Growth  Differ  13: 
205-213 

19.  Kishibe  J,  Yamada  S,  Okada  Y,  Sato  J,  Ito  A,  Miyazaki  K,  Sugahara  K  2000 
Structural  requirements  of  heparan  sulfate  for  the  binding  to  the  tumor- 
derived  adhesion  factor /angiomodulin  that  induces  cord-like  structures  to 
ECV-304  human  carcinoma  cells.  ]  Biol  Chem  275:15321-15329 

20.  Girard  JP,  Baekkevold  ES,  Yamanaka  T,  Haraldsen  G,  Brandtzaeg  P,  Amalric 
F 1999  Heterogeneity  of  endothelial  cells:  the  specialized  phenotype  of  human 
high  endothelial  venules  characterized  by  suppression  subtractive  hybridiza¬ 
tion.  Am  J  Pathol  155:2043-2055 

21.  Izawa  D,  Tanaka  T,  Saito  K,  Ogihara  H,  Usui  T,  Kawamoto  S,  Matsubara  K, 
Okubo  K,  Miyasaka  M 1999  Expression  profile  of  active  genes  in  mouse  lymph 
node  high  endothelial  cells.  Int  Immunol  11:1989-1998 

22.  Sato  J,  Hasegawa  S,  Akaogi  K,  Yasumitsu  H,  Yamada  S,  Sugahara  K, 
Miyazaki  K  1999  Identification  of  cell-binding  site  of  angiomodulin  (AGM/ 
TAF/Mac25)  that  interacts  with  heparan  sulfates  on  cell  surface.  J  Cell  Biochem 
75:187-195 

23.  Adachi  Y,  ltoh  F,  Yamamoto  H,  Arimura  Y,  Kikkawa-Okabe  Y,  Miyazaki  K, 
Carbone  DP,  Imai  K  2001  Expression  of  angiomodulin  (tumor-derived  ad¬ 
hesion  factor/ mac25)  in  invading  tumor  cells  correlates  with  poor  prognosis 
in  human  colorectal  cancer.  Int  J  Cancer  95:216-222 

24.  St.  Croix  B,  Rago  C,  Velculescu  V,  Travereo  G,  Romans  KE,  Montgomery  E, 
Lal  A,  Riggins  GJ,  Lengauer  C,  Vogelstein  B,  Kinzler  KW  2000  Genes  ex¬ 
pressed  in  human  tumor  endothelium.  Science  289:1197-1202 

25.  Wilson  EM,  Oh  Y,  Rosenfeld  RG  1997  Generation  and  characterization  of  an 
IGFBP-7  antibody:  identification  of  31kD  IGFBP-7  in  human  biological  fluids 


and  Hs578T  human  breast  cancer  conditioned  media. )  Clin  Endocrinol  Vi  . 
82:1301-1303  ‘Metab 

26.  Burren  CP,  Wilson  EM,  Hwa  V,  Oh  Y,  Rosenfeld  RG  1999  Binding  propertf 

and  distribution  of  insulin-like  growth  factor  binding  protein-related  nrot  ?'■ 
3  (IGFBP-rP3/NovH),  an  additional  member  of  the  IGFBP  superfamilv  I  rh" 
Endocrinol  Metab  84:1096-1103  ’ 

27.  Lane  RD  1985  A  short-duration  polyethylene  glycol  fusion  technique  for 
■  increasing  production  of  monoclonal  antibody-secreting  hybridomas  I  im 

munol  Methods  81 :223-228 

28.  Khosravi  MJ,  Diamandi  A,  Mistry  J 1997  Immunoassay  of  insulin-like  growth 

factor  binding  protein-1.  Clin  Chem  43:532-532  :  ;.v? 

29.  Khosravi  MJ,  Diamandi  A,  Mistry  J  1995  Ultrasensitive  immunoassay  for 
prostate-specific  antigen  based  on  conventional  colorimetric  detection  Clin 
Biochem  28:407-414 

30.  Khosravi  MJ,  Diamandi  A,  Mistry  J,  Lee  PDK 1996  A  non-competitive  ELISA 
for  human  serum  insulin-like  growth  factor-1.  Clin  Chem  42:1147-1154 

31.  Bradham  DM,  Igarashi  A,  Potter  RL,  Grotendorst  GR  1991  Connective  tissue 
growth  factor:  a  cysteine-rich  mitogen  secreted  by  human  vascular  endothelial 
cells  is  related  to  the  SRC-induced  immediate  early  gene  product  CEF-]  0  J  Cell 
Biol  114:1285-1294 

32.  Martinerie  C,  Huff  V,  Joubert  I,  Badzioch  M,  Saunders  G,  Strong  L,  Perbal 
B  1994  Structural  analysis  of  the  human  nov  proto-oncogene  and  expression 
in  Wilms  tumors.  Oncogene  9:2729-2732 

33.  Degeorges  A,  Wang  F,  Frierson  Jr  HF,  Seth  A,  Sikes  RA  2000  Distribution  of 
IGFBP-rPl  in  normal  human  tissues.  J  Histochem  Cytochem  48:747-754 

34.  Kato  MV,  Sato  H,  Tsukada  T,  Ikawa  Y,  Aizawa  S,  Nagayoshi  M  1996  A 
follistatin-like  gene,  mac25,  may  act  as  a  growth  suppressor  of  osteosarcoma 
cells.  Oncogene  12:1361-1364 

35.  Degeorges  A,  Wang  F,  Frierson  Jr  HF,  Seth  A,  Chung  LW,  Sikes  RA  1999 
Human  prostate  cancer  expresses  the  low  affinity  insulin-like  growth  factor 
binding  protein  IGFBP-rPl .  Cancer  Res  59:2787-2790 

36.  Komatsu  S,  Okazaki  Y,  Tateno  M,  Kawai  J,  Konno  H,  Kusakabe  M,  Yoshiki 
A,  Muramatsu  M,  Held  WA,  Hayashizaki  Y  2000  Methylation  and  down- 
regulated  expression  of  mac25 /insulin-like  growth  factor  binding  protein-7  is 
associated  with  liver  tumorigcnesis  in  SV40T/I  antigen  transgenic  mice, 
screened  by  restriction  landmark  genomic  scanning  for  methylation  (RLGS- 
M).  Biochem  Biophys  Res  Commun  267:109-117 

37.  Umeda  F,  Ono  Y,  Sekiguchi  N,  Hashimoto  T,  Masakado  M,  Nakamura  K, 
Chijiiwa  Y,  Nawata  H  1998  Increased  mRNA  expression  of  a  novel  prosta¬ 
cyclin-stimulating  factor  in  human  colon  cancer.  J  Gastroenterol  33:213-217 

38.  Kato  MV  2000  A  secreted  tumor-suppressor,  mac25,  with  activin-binding 
activity.  Mol  Med  6:126-135 


